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ABSTRACT 
The work reported in this thesis can be broadly divided 
into three partsp i. e.. cptimization of the laser Doppler 
anemometer, development of "discrimination" techniques 
and velocity measurements in flowing gas-solid suspensions. 
A study of the imaging characteristics of the beam waist 
and the beam intersection in a dual beam LDAr and the 
development of a beam diameter measuring technique led to 
the optimization of the laser anemometer. 
Digital logic circuits were developed which made possible 
separation of signals from the two phases of a flowing 
gas-solid suspensiont thus enabling a study of the inter- 
actions between the two phases to be carried out. 
One component velocity measurements were carried out in 
upward flowing gas-solid suspensions in vertical pipes. 
Solids of mainly spherical shape and diameters between 40 
and 1000 um were conveyed with air. Glass pipes of 22, 
25.8 and 31.4 mm diameters were used and the pipe Reynold's 
number varied between 5000 and 31 000. The results 
indicated that: 
A slip existed between the solids and the air, 
which was proportional to the particle size. The 
air and solids velocity profiles crossed near the 
wall. 
The air turbulence was in some cases reduced by the 
addition of solids and in other cases increased. 
The turbulence level of the solids was on average 
higher than that of the air except in the near wall 
region. 
In conclusion, the use of LDA in the study of two phase 
flows seems promising. Further investigation is needed in 
order to fully understand the interactions between the two 
phases of a suspension. 
current ignorance casts a longer and darker shadow.... 
the ways in which a dispersed second phase influences the 
turbulent properties of a supporting first phase are almost 
entirely unexplored. Influences there must be; but no-one 
is able to quantify them on the basis of knowledgeo 
D. B. Spalding 
Recent Advances in Numerical Methods in Fluids, 1980, 
Vol. 1, Pineridge Press, Swansea. 
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NOMENCLATURE 
a pipe radius 
a wire radius in beam diameter measurements (chapter 2) 
a major semiaxis of probe volume (chapter 3) 
b minor semiacis of probe volume (chapter 3) 
b0 beam radius at crossover point 
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C capacitance 
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d laser cavity length 
d distance between the lenses in a two lens dual beam 
system 
dP pinhole diameter 
dr line pair width in a diffraction grating 
D diameter of scattering particle ' 
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f lens focal length 
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D 
Doppler shift frequency 
2 f beam propagation parameter (f F= rw 1 
fI frequency of incident light 
f0 filter cut off-frequency 
fr frequency of rotation of radial diffraction grating 
fs frequency shift 
f frequency of scattered light sc 
FD drag force 
h differential manometer reading 
I light intensity 
k constant 
L radius of lens aperture 
L inductance (Appendix A4) 
M L-C filter constant 
ih mass flowrate 
n refractive index of a medium 
*a refractive index of air 
*f refractive index of fluid (chapter 3) 
*f number of fringes 
*9 refractive index of glass 
n sample number 
ft unit vector in direction of inciddnt radiation 
n sc unit vector 
in direction of scattered radiation 
nn directions of scattered light collection 
A 
scl, sc2 
N number of measurement cycles 
NA number of line pairs of a diffraction grating %A 
P pressure 
P order of diffracted beams (chapter 3) 
Pat atmospheric pressure 
P minimum beam power M 
P total beam power 0 
q, complex beam parameter at beam waist 
q2 complex beam parameter 
r radial distance 
R nondimensionalised radius (R a 
R specific gas constant 
R radius of curvature of spherical resonator 
mirror (chapter 3) 
R pipe radius (chapter 3) 
Rer pipe Reynold's number 
Re 
p particle 
Reynold's number 
Ro electronic filter impedance 
Rz radius or curvature or beam phase front 
a distance between lens and beam waist 
t time 
T temperature 
u object distance from lens 
u velocity 
measured local mean velocity 
uc corrected local mean velocity 
ur actual flow velocity at the geometric centre of the 
probe volume 
471 
r. m. s. velocity 
U nondimensionalised velocity (U U 
m 
Um pipe centreline velocity 
UP particle velocity 
Upo particle velocity at pipe centreline 
Upw particle velocity at pipe wall 
Ua particle slip velocity 
v image distance from lens 
volume flowrate 
V particle velocity vector 
V nondimensionalised particle velocity (V 
UP) 
pp UM 
V 
sca signal visibility 
VT1 threshold voltage of frequency meter 
V 
T2 threshold voltage of 
discriminator 
Vi component of vector %I normal to optical axis 
V2 component of vector V parallel to optical axis 
w beam waist radius (subscripts used 0.1 and 2) 
Wz laser beam radius 
x coordinate normal to y and z directions 
y coordinate normal to fringes 
y distance from pipe wall 
z coordinate along optical axis 
z1 distance between input waist and lens 
z2 distance between lens and output waist 
a fringd spacing 
AT 
i residence time of particle in probe volume 
ATM i measurement time 
AX? AYIAZ dimensions of probe volume in the x, y and z 
0 
0 
p 
x 
xi 
0 
ur 
p 
Pf 
pp 
directions 
half-angle between beams in a dual beam system 
diffraction angle of beams emerging from diffraction 
grating 
wavelength of light 
wavelength of incident light 
wavelength of light in vacuo 
viscosity of air 
mass density 
mass density of air 
mass density of particle material 
beam divergence angle 
CH"TER I 
INTRODUCTION 
1 
1.1 GAS-SOLID SUSPENSIONS - THE PROBLEM 
A gas-solid suspension flow is a two-phase flow consisting 
of the conveying gas and theconveyed solids. Such types of 
flow exist in nature (dust, sand and snow carried by the 
wind) and have found many industrial applications - 
pneumatic conveying of particulate matter# such as graint 
flour# plastic granules and even coal conveyed many 
hundreds of metres from mine shafts to the surface. Space 
and nuclear technologl-sts have also an interest in this type 
of flow. Such methods of transport of solids havebeen very 
cost effective and very advantageous in cases where space 
limitations did not allow other conventional methods of 
transport, although one of the main problems in pneumatic 
transport of solids remains erosion of pipe bends. 
In fully developed flow of a particulate suspension, effects 
accounted for include the Magnus effect due to fluid shear, 
electrostatic forces due to electric cI harges an the 
particles and Brownian or turbulent diffusion [1]. 
Experimental investigation of gas-solid suspension flows 
has made very slow progress over the years, due mainly to 
the difficulties in developing accurate methods of 
measurement and reliable instruments [2,3141. The lack of 
knowledge of the ways in which the two phases interact 
has been pointed out by Spalding [5]. 
It is now established that in gas solid suspension flowsthe 
local mean velocity of the solids can be very different 
2 
from that of the conveying gas due to the inertia of the 
solids 161. This depends an particle size and also on the 
degree of turbulence [71. in such flows velocity 
distributions are not easy to describe theoretically and 
experimental determination of flow parameters becomes of 
great importance. In vertical pipe flows the slip velocity 
which exists between solids and fluid due to gravity is 
very different for upward and downward flow (1]. 
With regard to the various properties of the conveying 
fluid, a range of results have been reported. The following 
is an outline of observations contained in the 
literature. 
Velocity profile. For the velocity profiles of fluids 
conveying solidso a vaciety of results have been presented 
[4), ranging from no change, to significant flattening. [B] 
and also to increased velocity at the centre-line [4). 
Turbulence intensity. The presence of solids results in 
damping [9) or an increase of turbulence intensity 
depending on solids concentration and wall distance [101 . 
Results indicating no significant change of turbulence 
intensity in the pipe centreline have also been reported 
1111. 
Pressure drop. An increase of pressure drop was observed 
for low particle concentrations [10). In an analytical 
study, Koronakis [121 states that turbulence friction is 
3 
significantly reduced by the injection of solid particulates 
or polymers. The fluid with the particulates requires a 
lower pressure gradient to move at a specified average 
velocity than the same fluid without the particulates. 
Heat transfer. An increase in heat transfer with increase 
in turbulence at low particle concentrations was observed, 
as a possible result of fluid-particle interactions in the 
viscous sublayer 1101 . Solids loading has been thought of 
as the most influential factor, which affects the heat 
transfer rate to a flowing gas-solid suspension. 
Eddy diffusivity. The presence of solids with considerable 
inertia results in a reduction of eddy diffusivity (3tlltl3l 
although an increase has also been realised [3,11). 
The slip velocity at the centre of the flow pipe has been 
found to be a function of loading ratio and particle 
terminal velocity 141, and also of particle Reynold's 
number [8]. Solid density may be affected by electrostatic 
forces in which case the flow may become annular in nature 
[3,91. Some investigators found a uniform particle 
distribution over theipipe cross-section [4,8) . 
It is obvious that more experimental results are needed, so 
that the interactions between the two phases of a flowing 
gas-solid suspension may be fully understood. 
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1.2 VELOCITY MEASUREMENTS IN GAS-SOLID SUSPENSIONS - 
ADVANTAGES OF LDA 
One of the main problems in the study of two phase flows 
has been a lack of suitable instrumentation, capable of 
coping with the often adverse conditions encountered in 
those situations (3t4,81 . Although theoretical treatment 
of such flows is abundant in the literature# experimental 
back-up is disproportionately small. This void is now 
being filled by the advances made in laser Doppler 
anemometry. 
The laser Doppler anemometer has in recent years developed 
rapidly into a useful research tool with wide capabilities, 
varying from particle sizing to the measurement of velocity 
and length of moving solids 1141. Its advantage over other 
types of instrumentation lies in the fact that it is non 
intrusive and can perform in the most hostile of environ- 
ments, such as corrosive fluids and high temperature gas 
streams, where other. devices would be damaged and would 
cause flow disturbances. In addition the laser anemometer 
possesses the simplicity of a constant relationship between 
observed signal frequency and velocity. This removes the 
need for calibration prior to useas other devices, such 
as hot wire anemometers require [lS, 16,17,18). The 
measuring volume can be made very small and the frequency 
response is very high. 
In this work the IDA was used in gas-solid suspension flows, 
an environment not suited to conventional instr=entation, 
5 
as it can affect the calibration 1241 # or can result in S 
blockage 12,20,211 *. When the conveyed material is 
abrasive, rapid erosion of probes inserted into the flow 
will take place. 
1.3 SUMMARY OF THE WORK 
The object of this investig& 
of fully developed gas-solid 
direction in vertical pipest 
anemometer (LDA) techniques. 
to a better understanding of 
exert on the conveying air. 
tion was to carry out a study 
suspension flows# in the upward 
using laser Doppler 
Such a study would then lead 
the influence which the solids 
Two phase flows are very complex and the velocity spectrum 
depends not only on the degree of turbulence but also on 
the size distribution of the conveyed solids. Studying the 
effects of the presence of the solids on the air flow 
necessitates obtaining signals from each phase separatelyr 
a task which has defeated many efforts of workers in this 
fieldt as signals emitted from solid scatterers of any 
shape and size have the same basic characteristics. Thus 
measuring the velocity of the fluid has been an almost 
impossible task,, since the solids often produced the ., 
majority of the signals [21. In order to take measurements 
from the carrying fluid only,, while solids were present,, 
Zisselmar and Mollerus 1101 developed a complex set up, in 
which matching of the refractive indices of the two phasest 
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optically eliminated the solids. Such applications# 
obviously# can only have a limited scope. 
It was thus realised from the outset that in order to 
attempt an investigation into gas-oolid suspensionsla basic 
technique needed to be developed' which would make such 
measurements possible. Associated with this, was the need 
to carry out an optimization of the optical set up# so that 
the beam parameters at the crossover region - the measuring 
volume - in a dual beam LDA# were accurately measured and 
set according to requirements. This led to the development 
of a method for measuring the beam size and, in particular, 
measuring the diameter of the beam waist [22). once 
developed, this method made possible measurements of the 
beam diameter in situ and by doing so, location of the 
beam waist was achieved# speedily and without disturbing 
the optics. 
As a consequence of the above development, it was realised 
that the waist of the focused beams and the beam crossover 
point did not normally coincide. A number of optical 
arrangements were examined and it was found that such 
coincidence could only be achieved by proper design of the 
optical anemometert based on the different imaging 
characteristics of the beam waist and the beam intersection 
point. As a result,, an optical arrangement was developed, 
which consisted of ordinary optical components and made 
possible coincidence of beam waist and intersection (231. 
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The need to make the focused beam waists coincident with 
the crossover poilht, arose mainly from the realisation 
that a small probe volume would be thus obtained, which 
would allow measurements close to the wall in a relatively 
small bore pipe and would minimise errors arising from 
velocity gradients along the measuring volume. 
Work carried out by Farmer (2411 Robinson and Chu [251,, 
Chu and Robinson 1261 and other workershas indicated a 
strong dependence of LDA signal characteristics on 
particle size/fringe spacing under certain light collecting 
conditions. An experimental study of this was undertaken 
as a first step to developing a method for distinguishing 
between signals obtained. from the two phases in a gas-solid 
suspension. 
Following the successful conclusion of this study, a 
digital logic circuitj, a 'discriminator' was designed# which 
by exploiting thedifference in amplitude of the two basic 
Doppler signal componentst a. c. and d. c., effectively 
discriminated between signals resulting from 'small's 
micron size scatterers and larger solid particles. 
All fluids contain very small particles such as dust, 
algae or air bubbles in the case of liquids. The laser 
anemometer makes use of these contaminants, whose size is 
of the order of 1 um, or less and which are, therefore, small 
enough to follow the flow [151. Thus by assuming that the 
very small scatterers, normally fine dust particles 
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and often injected smoke, followed the air velocities 
everywhere, it was possible to measure the velocity of the 
air, while large solid particles were being transported by it. 
The major difficulty arose from the fact that to preserve 
the difference between the visibility of the small and 
large particle signals, a wide, on axis light collecting 
aperture was necessary, a requirementýoften conflicting 
with the need for low noise levels, in particular when 
measurements close to the pipe wall were carried outl 
large quantities of scattered light resulted in 
deterioration of signal to noise ratio and prohibited 
taking measurements very close to the boundary. 
A series of tests to ascertain the effectiveness of the 
discriminator-was undertaken and it was found that in the 
range of solids used (40 um, to 1 mm approximately) it was 
possible to record information separately from the two 
phases of the suspension. The discriminator could be set 
manually to any one of three options, i. e. 'all' - no 
discrimination# 'small' where only small -particle signals 
were accepted and 'large' - only large particle signals 
accepted. 
The optical anemometer used was designed and constructed 
from optical and electronic components most of which were 
not specifically designed for this purpose. It was part 
of this work to employ an optimised system, easy to 
assemble, inexpensive and, most important of all, adaptable 
to changing needs. The Doppler frequency meter, which 
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formed the basis of the velocity measuring system, was one 
of a number of prototypes designed by C. A. Hobson 1141 
A more advanced type of this motor, with wide ranging 
capabilities, is currently under development. 
series of velocity measurements in gas-solid suspensions 
followed the development of the instrumentation, using an 
open type flow rig . in which the solids were reused. 
The air f lowrate was determined by means of a calibrated 
orifice plate. Glass tubes of bore between 22 and 31.4 mm. 
were used as working pipes and all pipe bends were made 
of soft rubber hose. 
The main type of solids used was spherical glass beads - 
glass ballotini; other materials were also used to a 
lesser extent. No breaking up of the solids was observed# 
even after long usage, since direct impact of the solids 
with hard surfaces was completely avoided. 
Seeding of the air was carried out by using either silicon 
carbide powder or =oke. 
The measurements consisted of velocity profiles across the 
pipe and also of a number of centreline velocity measure- 
ments. Results from the two phases separately as well as 
from the suspension as a whole were recorded. 
The results showed a varying slip between the solids and 
the airdepending on the size of the particles. 
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Dependence of slip on other flow parameters was also 
observed. 
The presence of solids in the flow exerted an influence 
on the turbulence of the airl-this influence varied in a 
complex manner. Particle size, particle concentration, 
loading ratio, and flow velocity were among the factorsp 
which were thought to be of importance in the modification 
of air turbulence. 
A number of suggestions for improvement of the experimental 
apparatus as well as an outline of a possible reorgani- 
sation of the testing procedures has been included at the 
end of this work. 
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CHAPTER 2 
OPTIMIZATION OF THE 
LASER DOPPLER ANEMOMETER 
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2.1 INTRODUCTION 
Although laser Doppler anemometers have been extensively 
researched and used for a number of years, it was felt in 
the initial stages of this work that for reasons such as 
those given below, further investigation was necessary of 
beam geometry and in particular of waist position, in a 
focused laser beam. 
In a dual beam LDA, control over the geometry of the cross- 
over region is of great importance, and the accuracy of 
measurements carried out with this instrument depends. to a 
large extent,, on the precision with which the dimensions of 
the various parameters of the crossover region have been 
sett which in turnt depends an proper choice and align- 
ment of the optical components. Due to the often very 
small dimensions of the beam intersection regiont measure- 
ment of its geometric properties is rather difficult and 
reliance on calculated values hasin many instancesbeen 
the only solution possible. 
The work presented in this chapter consists in the main of 
an extensive investigation of the properties of focused 
laser beams and the development of methods for the 
determination of optimum settings for a laser Doppler 
anemometer and the measurement of the beam size. A brief 
review of the basic principles and types of laser Doppler 
anemometers is also presented here. 
17 
2.2 THE DOPPLER SHIFT 
In this analysis the laser light source is assumed to be 
fixed and only the scatterer is moving. 
2.2.1 Single beam 
Consider a monochromatic radiation of wavelength Xi and 
speed c. propagating in the direction of the unit vector fti 
and illuminating a particle, which moves with velocity Vj 
where V -C c,, as shown in figure 2.1. It can be shown 
that the radiation scattered by the particLe in 
nL 
Figure 2.1 Scattering geometry 
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the direction of the unit vector A Sc r 
has a frequency 
given by 
. 61 
Ri 
V. 
sc 
'V. SC/ 
c 
The apparent change in frequency, the Doppler shift, f DO 
is then given by 
i sc fsc -f=- ---- c v ft 
sc 
c 
-*I 
and since VI c, 
10 
. (f, - A0 sc 
where n is the index of refraction of the surrounding 
medium and X0 is the wavelength of the incident radiation 
in vacuo (i. e. Xi = ). n 
It is seen from equation (2.1) that the observed Doppler 
shift depends on the position of the observer. 
If scattered light is collected in two different 
directions, R 
scl and 
ft 
sc2o 
the two detected frequencies 
are: 
19 
-4- 
ft 
i 
1- V- 
f 
scl 
f1 
-41 
ft 
Ve--gicl) c 
. o. 
ft 
i 
and ffc sc2 i qc2 
(1 
-v. c 
The Doppler difference frequency fd is then: 
(1 -.. 
ft 1 -0. V. cv fdf 
scl 
f 
SC2 
f 
v acl )(1 V. gc2 
c 
cc 
(ft 
scl 
ft 
sc2 
) 
and as I'V41 -< c then 
f= -L 141. (fl R (2.2) dA0v scl sc2 
In practice. the two waves are superimposed on the surface 
of a photodetector to yield the desired signal. 
Equation (2.1) forms the theoretical basis for the 
"reference beam" laser Doppler anemometer or local 
oscillator heterodyne, whereas the "dual scatter" or 
symmetric heterodyne system is based on equation (2.2)t 
see section 2.4.2. 
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2.2.2 Dual beam system. 
In this arrangement a particle scatters light at the 
intersection of two beams as shown in figure 2.2. 
0 
. 
RX 
vi 
u. 
Figure 2.2 Dual beam scattering geometry 
An observer viewing in the direction R sc 
will detect a 
difference frequency fdWf 
D2 -f D1, where subscripts 
1 
and 2 refer to beams 1 and 2 and the quantities f Dl and 
f 
D2 are analogous 
to fD in equation (2.1). 
The two frequencies are usually mixed on the surface of a 
square law detector to give a Doppler difference, 
fdýnAV il - ft 12) (2.3) 
0 
21 
The following are observedt 
M for fixed R il and 
ft 
12l fd is independent of the 
direction of observation. 
fd depends on the angle between the two beams. 
if V is normal to both'ft ii and 
ft 
12l then fd 0 0* 
If the angle between the two incident beams is equal to 20 
then equation (2.3) gives 
+v 
A0 (Vi 2 
). (ft 
il 12 
where V, and V, are the components of V in the direction 
of the bisector of the angle 20 and at right angles to it 
respectively. Here ý? 2" (ft ii - ft 12 0 and V- 1 (n ii - n12 
V [cos(I - 0) - cos(I + 0)). Hence 122 
:E2n ;ý dXv1 sin 
(2.4) 
It is thus seen that the Doppler shift is produced by that 
component of the particle velocity vector, which is normal 
to the axis of symmetry of the incident beams. 
Equation t2.4) gives the Doppler shift for the "dual beam" 
or differential heterodyne laser Doppler anemometer (see 
section 2.4.2). 
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2.2.3 The fringe model 
Equation (2.4) can be derived by a different approach [2]. 
Consider the intersection region of two beams and the 
three coordinate system# as shown in figure 2.3. At any 
point Pty, z) in the intersection region, interference of 
the two waves takes place# due to different path lengths. 
Thus bright fringes are formed if the path difference is 
equal to m Xi (m = lt2# ... ) and dark fringes when the path 
difference equals (m ± ý)Xie 
zo 
. 000, 
. 10001* 
0 
,. *, 
I--, 
*41ý 
. 0000" 10000 
10000, 
Figure 2.3 Fringe model scattering geometry 
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The path difference at P(y, z) is zIýz 2* Transforming 
(yiezi) and Y2'22) into the (y, z) coordinate system we 
obtain: 
Z1 =z Coll 0+y sine 
Z2 mz coo 0-y sin 0. 
This gives 
z1-z2w 2y sin 0. 
Thus bright fringes occur when 2y sine= m Xi, from which 
the distance 4- between two consecutive fringes is given by 
2 sine 
or (2. S) 2n sine 
In a three-dimensional system (x#ylz)i the fringes are 
parallel to x-z planes. 
A particle moving inside the crossover region with velocity 
-. 6. V will cross the fringes at a rate equal to 
V2 2n V1 sin 0 
_r =x0 
where V1 is the component of V in the y-direction. This 
frequency is identical to the Doppler shiftr as expressed 
by equation (2.4), i. e. 
37 v1 sin 0 
0 
Equations (2.1), (2.2) and (2.3) yield only the magnitude 
24 
of the velocity component measured and not its directiont 
which must be determined by other means (see section 3.2) . 
2.3 PROPAGATION OF GAUSSIAN LASER BEAMS 
2.3.1 Laser cavity configuration 
It has been tacitly assumed in the proceeding theory that 
tha laser beam is a collimated plans wave. This is of ten 
not the case because of the design of the laser cavity. 
The gas in a He-Ne laser acts solely as an amplifying 
medium. It will not oscillate until positive feedback is 
obtained by placing the gas between two reflectors which 
return the light back and forth between them [4). The usual 
system is a Fabry-Perot cavity, which has two highly 
reflecting mirrors at the ends. One mirror is made slightly 
transparent so that about 2% of the light is emitted from 
the cavity. 
A number of mirror configurations are possible. The 
simplest is the two plane mirror configuration, see figure 
2.4(a). There is only one repeatable path between the two 
mirrors, so this system will produce a single spot output 
with little or no divergence. The only variable is the 
cavity lengthy dg which must be an integral number of half 
I 
wavelengths i. e. d= n( 
12), where n is a positive integer. 
This is a necessary condition for the electric field of the 
standing wave to be zero on the two mirrors. It then 
follows that the resonant frequencies, v (longitudinal 
c 
,; 
I, where c is the velocity of modes) , are given by v=n -2,7 
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light. 
This system is however very difficult to align since the 
mirrors must be perfectly parallel and not the least bit 
convex. Thus a combination of two concave mirrors or a 
plane and a concave mirror is generally employed. Figure 
2.4(b) shows a concentric or spherical resonator in which 
two spherical mirrors of radius of curvature Rr are 
separated by a disrance dt such that da 2R. 
Figure 2.4(c) shows a confocal configuration which 
consists of two spherical mirrors of the same radius of 
curvature# Rr and separated by a distance d. such that the 
mirror foci are coincident. 
Figure 2.4(d) shows a cavity with one plane and one 
concave mirror. 
The use of these types of cavity has two important 
practical effects: 
1. It introduces the possibility of off axis modes. If 
the number of radial phase changes across the wave 
front (mode order) is m, and the number of azimuthal 
phase changes is p, then a mode is described as TEM 
mpn where TEM stands for Transverse Electro-Magnetic. 
The In', which is a large number is often dropped and 
the mode referred to as TEMmp. Typical values of mr P 
and the associated patterns are shown in figure 2.4(e). 
If many transverse modes are present there will be 
many different frequencies in the output of the lasert 
26 
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Figure 2.4 Resonator configurations and mode patterns. 
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which will be to the detriment of frequency measure- 
ments with a laser anemometer. Therefore the laser 
should only be operated in the uniphase or TEMOO mode. 
2. With concave mirrors used in the laser cavity the beam 
will be focused to a 'waist', either inside or just 
outside the cavity. Thus the laser beam will be 
diverging and not naturally collimated, see figure 2.5. 
2.3.2 Beam Geometry 
Two important beam parameters of the 'fundamental model 
are the radius of curvature of the phasefront RZ and the 
beam radius wz. These parameters are related 15,61 by: 
1- 
=1-jx 
qzRz Ir w2 z 
(2.6) 
where qz is a complex beam parameter, which describes the 
Gaussian intensity variation in the radial direction. The 
phasefront is spherical near the beam axis (611 z denotes 
the direction of propagation. The intensity distribution 
in the radial direction is Gaussian and the beam radius or 
$spot size', w, is measured from the beam axis up to the 
I point where the intensity is 7 of that on the axis. The 
e 
beam radius has a minimumt or 'waist'# Wlt usually in the 
laser resonator and thereafter the beam expands. At the. 
waist the phasefront is plane and the complex beam 
parameter is 
28 
2 
(2.7) 
At a distance z from the waist we have 
(2.8) 
The above beam parameters are shown in figure 2.5. 
qg 
Wß 
Figure 2.5 Beam parameters 
From equations (2.6), (2.7) and (2.8) one obtains 
22z2 
ww (2.9) 
7r 
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w2l 2 
r1 (2.10) and Rzmz1 
41 
where X denotes the wavelength. 
As Z -e l»t 
wz 
7r 
4 
which is an asymptote inclined at an angle tan-1 
wz 
or z 
x 
7w (2.11) 
Hence ý defines the beam divergence. The variation of the 
beam radiust wz. with distance from the waist, z. is shown 
in figure 2.6. 
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Figure 2.6 Beam propagation. A: equation (2.9), 
B: 
w! z 
w -= 0 wl 
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2.3.3 Transformation of a beam by a lens 
When a Gaussian beam passes through a Ions the parameters 
RZ and wz are changed and a new beam waist is formed. In 
the following, all beam parameters in front of the lens will 
be called input parameters and those behind the lens will 
be called output parameters,. The radius of the new beam 
waist,, w2 and the distance of the waist from the lenst z 2' 
are given (7) by: 
w2 
1 
ff w2 
2 
(Z 1- f) 
21 
Z2m- (Z 1ý f). f 
w2 
2 
1 (Z 1- 
f)2 + 
41 
(2.12) 
(2.13) 
where f denotes the focal length of the lens and z1 
denotes the distance between the input waist and the lens# 
as shown in figure 2.7. 
Equations (2.13) and (2.12) can be rewritten as [81: 
z 
af 
f (2.14) C4 - )/(f F2 (f f2 
F) 
r 
(-r 
Y_ 
]ý W2y( f 
wf1. 1 F) 
+ 
(zl 
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ir W2 
where fp mX1, Graphs of the above expressions are 
shown in figure 2.8 and a summary of the relationships 
between input and output paramoters is presented in table2.1. 
2, /t h/f w2 /WO 
0 
(f/fF (min) fF 
f/fF 
r2 
1 1 f/ fF ( Max) 
(f/tF 1- Max) -f - 
F 
Co 
Table 2.1 Relationships between input and output 
parameters of focused laser beams 
It is observed that the distance of the output beam waist 
from the lens takes values from f, to a minimum (< f), to 
a maximum (> f) and finally back to f, as the input waist 
to the lens distance changes from -a* to -Ho. The output 
waist radius has a maximum when the input waist is at f. 
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Figure 2.7 Focused beam parameters 
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Figure 2.8 (a): Graph of equation (2.14)1 (b): equation (2.15) 
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2.4 BRIEF REVIEW OF LASER DOPPLER ANEMOMETERS 
2.4.1 General 
Since first introduced (9) the laser Doppler anemometer has 
developed fast as a tool for measuring velocities of 
flowing fluids and moving solids. it has found a wide 
scope as a research instrument and many variations 
from the basic instrument-design can be found in the 
literature associated with it. The main reason for the 
development of various types of laser anemometer is 
basically the need to satisfy the requirements of 
particular applicationsp e. g. velocity measurements in 
pipe flows# investigation of gas velocities inside internal 
combustion engine cylinders, velocities of moving solidst 
dense or sparsely seeded two phase flows etc. In order to 
obtain the best results from each particular situation 
various workers in the field have developed and applied 
many variations of dual and reference beam anemometers# with 
forward and/or backscatter light collection either paraxially, 
or at various angles. Several types of LDA now exist which 
can measure one# two or three components of velocity 
simultaneously. 
2.4.2 Optical arrangements 
The laser Doppler anemometers used today can be classified 
into three main categories i. e. the 'reference beam' type# 
the 'dual scatter' and the 'dual beam' systems. A 
detailed study of these types has been presented by Wang 
34 
and Snyder (101# Durst and Whitelaw ILI and Durstr 
Melling and Whitelaw 1111. 
Figure 2.9(a) shows a reference beam configurationj in this 
system the scatterer is illuminated by a laser beam. The 
scattered light is collected by the collecting optics and 
heterodyned with a beam of lower intensity# directly from 
the laser. This gives rise to a beat frequency which is 
proportional to the velocity of the scatterer (12). 
Figure 2.9(b) shows a dual scatter arrangement. The 
scatterer is illuminated by a single beam; scattered light 
is collected from two different angles and mixed at the 
photodetector surface to produce the shift frequency, 
which is related to the velocity of the scatterer. This 
is the simplest and easiest system to set up CIO]. 
The third typer the 'dual beam' or 'fringe anemometer', 
is the most commonly used optical arrangement (131. As 
shown in figure 2.9(c), the single beam from the laser is 
split into two equal intensity beams which are then made to 
intersect - usually after being focused by a lens. The 
intersection region, the 'probe volumel, is a region of 
alternate planes of high and low light intensity - the 
interference fringes. When a particle crosses these 
fringes it scatters light of varying intensity. Some of 
that light is collected and directed an to a photodetector 
surface. The resulting a. c. signal has a frequency which 
is proportional to the velocity of the scattering object. 
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Both the reference beam and the dual scatter systems suffer 
from the disadvantage of poor signal strength. This tends 
to limit their applications to situations where particle 
density is high and forward scatter can be utilised [131. 
There are several advantages ih the dual beam optical 
system, which make it the most widely used technique 110# 
14). The signal frequency is independent of detector 
orientation relative to the scattered light. This provides 
better signal to noise ratio and allows for less precise 
component alignment (lS1 - In addition, with signal 
frequency being independent of detector positiont it 
becomes possible to utilise backscatter light collection. 
This has allowed the use of laser anemometers in situations 
where forward scatter was not possible. An example of such 
a situation is an internal combustion engine,, where access 
into the combustion chamber is achieved through a small 
window. Figure 2.10 shows a dual beam anemometer used in 
the backscatter mode. Another advantage of the backscatter 
arrangement is its increased compactness [12,161 over its 
forward scatter counterpart. 
Variations of the basic LDA configurations can be found in 
the literature [14,17,18,19). 
37 
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Figure 2.10 Dual beam anemometer in backscatter mode 
2.4.3 Multichannel laser Doppler anemometer 
Simultaneous measurements of two and three components of 
velocity are posisble, utilising either the reference 
[1,, 201 , or the dual beam model 11,13,16 j 20,211 Most of 
the multichannel laser Doppler anemometers,, which have been 
used to date# operate in the dual beam mode [201. 
in a multicomponent 
focused at the same 
sets of fringes (if 
velocity components 
those beams. Anoth 
measurement of more 
LDA more than one pair of beams are 
Point,, producing an equal number of 
in the fringe mode), hence giving 
related to the angular disposition of 
er method of obtaining simultaneous 
than one velocity componentst utilises 
38 
the multiwavelength capability of argon-ion lasers. Thus 
multicolour beam systems are possible [131. A detailed 
account of such systems can be found in references [131 
and [201 . 
2. S THE DUAL BEAM LASER DOPPLER ANEMOMETER 
2.5.1 introduction 
A simple dual beam laser anemometer or 'Doppler difference' 
anemometer consists of a laser sourcet a beam splitter and 
a converging lens. The single beam which has a waist in 
the laser resonator, is divided into two beams by the beam 
splitter. The directions of the two beams may be parallelt 
converging or diverginge depending on the type of beam 
splitter used. Finally those two beams are passed through 
the lens and made to cross at a point. The crossover 
region, usually called the 'probe volumel is the image of 
the input intersection point (real or virtual); beam 
waists are also formed on the two beam as images of the 
input waist. Equal path lengths are assumed throughout 
this work. In a different arrangement the single beam is 
focused first and then split into two converging beams 
[221. 
The imaging laws for the beam waist and the beam inter- 
section are different and as a result the output waist will 
not normally coincide with the intersection region unless 
the overall optical system is arranged to achieve this. In 
39 
an improved laser Doppler anemometer it is a basic 
requirement that the beam waists should coincide with the 
crossover region for reasons such as 
(a) To eliminate interference plane gradients which cause 
signal broadening 122,23,, 241. 
(b) To achieve a small crossover region and thus: 
(i) Hinimise signal broadening due to velocity 
gradients t2S, 26,27). 
(ii) Improve measurements in some flow situations 
e. g. film flows (28). Adjustment of the 
receiving optics to 'see' only the central 
portion of the probe volume can only be 
considered as second best, since it results in 
loss of a large part of the available laser 
power. 
(c) The Mie theory of light scattering by particles on 
which, for example, particle sizing is basedl requires 
plane wavefronts at the scattering region [29), a 
condition best achieved if the beams intersect at 
their waists. 
2.5.2 Basic parameters of a dual beam laser Donaler 
anemometer 
The most important feature of a dual beam laser Doppler 
anemometer is the crossover region, where interference 
between the two beams gives rise to bright and dark 
fringes. The distance between the fringes is given by 
40 
equation (2.5) as 
2a 5nT 
f 
The basic parameters of the beam intersection region are 
shown in figure 2.11. Figuie 2.12 shows a photograph of 
the fringes projected on to a screen# using a microscope 
objective. 
When a particle passes through the intersection region it 
will intercept the fringes with a frequency, given by 
equation (2.4) as 
2 Vlsin 0 
x 
where V1 is the velocity component normal to the fringes. 
The scattered light intensity varies with the position of 
the particle within the fringe system, between a low value 
and a maximum value as shown in figure 2.13. The maximum 
and minimum. values of the signal depend, among other 
factors, on the size of the scatterer relative to the 
fringe spacing. The two components of the signal are a 
low frequency pulse, the d. c. component, also called the 
pedestal, which corresponds to the light intensity 
scattered from the crossover region in the absence of 
heterodyne mixinge and a sinusoidal Doppler componentr the 
a. c. component, which oscillates at the Doppler frequency [30). 
These two signal components can be separated by electronic 
filtering. The pedestal component is obtained after low 
pass filtering whereas the a. c. component is obtained by 
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Figure 2.11 Beam intersection region 
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riqure 2.13 Typical photo- 
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Figure 2.14 High-pass 
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AS 
hi§h pass_-. filtering of the signal. Ifigh pass filtered 
signals are shown in figures 2.14(a) and (b). 
The probe volume is an ellipsoid and its dimensions are 
usually defined as the region within which the combined 
1 intensity of the two beams is greater than -, or 0.135 
e 
of the peak intensity at the geometric centre. of the 
1 
crossover region. The -1 probe volume is described 0.6,311 
e 
by the expression: 
x2; Y2 cos2q + z2 sin 
20 
wb2 0 
where 0 is the half-angle between the beams and b0 is the 
beam radius at the crossover. The x, y and z dimensions of 
1 
the probe volume at the -1 intensity limits are 
e 
Ax 2b 
0 
2b 
0 "Y -E-os e 
2b 
0 z 'Ein e 
The number of fringes nf in the probe volume is then 
a 
(2.1.6) 
When the beams cross at the waists# as shown in figure 
2.15, where the wavefronts are plane, the probe vol=e will 
be symmetrical and the interference fringes will be 
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parallel. If the waists do not coincide with the crons- 
over region, as shown in figure 2.16, the result in an 
elongated probe vol=e and the fringes are no longer 
parallel [231. 
2.5.3 Intensity distribution in the beam intersection 
region 
. -. ffý 
Referring to figure 2.17t the intýensity distribution 
J(x'jy') in the Gaussian laser beam is given 1321 by: 
2P 
0 X12 + vo2 I(XIIYI) =-I exp 2 
irb 0b 
where P0 denotes total beam power 
1 
and bo is the -7 intensity radius. 
e 
For the intensity distribution along the z and y diagonals 
4 
of the intersection region, the above expression can be 
transfo=ed to 
I 
4p 
0 exp 
(Z2 
sin 
2A 
ub2 
-2b2 --j (2.17) 
00 
4P 
0 exp 2y2 Cos 
2a 
(2.18) 
7rb2 z 0b0 
(note that the contribution from each beam is one half of 
this) . 
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0 
4P 0 Dividing equations (2.171 and (2.18) by 11(o), , 
i. e. 2 ibo 
the nondimensionalised intensity distribution 
becomes z2 
,0 
T'(z) 
. RoT 
[exp(- 
2 sin 
2e) 
J 
)I (2.19) 
2 
Y 
0 r'(V) = exp(- 2 C082 0) (2.20) 
If the beams intersect at or near the waist# bO is 
approximately constant. along the diagonals. However if 
this is not the case account must be taken of the radius 
variation in equations (2.19) and (2.2o). 
2.6 DUAL BEAM LDA - ONE LENS SYSTEM 
2.6.1 Imaging of beam waist and beam intersection 
The position and size of the image of a Gaussian beam waist 
produced by a lens, are given by equations (2.14). and (2-15). 
when two coplanar beams pass through a converging lenst 
their point of intersection may be considered as a point 
source and its distance from the lens, real or virtual, is 
given by the geometric optics relationship 
. i+i: n 1 uvf 
(2.21) 
where u and v are the object and image distances from the 
lens and are taken positive as shown in figure 2.18. 
/ 
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Figure 2.18 One lens system 
it is noted that: as u -o- = the input beams are parallel, 
u>0 gives converging beam directions. Furthermore we 
note that: 
<H<1; 1<0, virtual image f 
co >v>1, real image 
-m 31 < 0; 1>v>0, real image ff 
The above relationships between object and image are shown 
in figure 2.19. 
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Figure 2.19 Image-object relationships 
If a prism type beamsplitter is usedo one can, with 
suitable adjustments obtain parallel,, converging or 
diverging beam , whose intersection lies some distance 
away from the beam splitter,, depending on the angle 
between the two beams. With a diffraction grating, used 
throughout this work as a beam splitter, only diverging 
beams are obtained and their intersection is real and lies 
on the grating. Other devices such as mirrors can be used 
to alter the directions of the beams according to 
requirements. 
so 
2.6.2 Conditions for coincidence of output waist and 
intersection 
Coincidence of output beam waist and intersection is 
z2 
achieved if Xf w -T . Hence after combining equations 
(2.13) and (2.20), one obtains - 
z2f2 
+C4 
(fr) 
(2.22) 
ff F 
Equation (2.22) relates the input variables f, z. w1 and u, 
for the case when the output variables v and Z2 are equal. 
Thus z2 and u, are related according to the geometric 
optics law 
2 (2.23) 
(f 
Figure 2.20 shows graphs relating the various beam 
parameters. A summary of the main points regarding the 
relationships between the output variables z2 and w2 and the 
input variables zli w1 and u is given in table 2.2. The 
following are noted: 
When 
z' 
. 1, then R -o- so. The input beam directions ff 
are parallel and 1. 
z1 
. 1c W 1, When 1<- 
21 takes values greater than li as ff 
shown in table 2.2. The input beam directions are 
diverging and since# as it can be seen from equation 
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(2.22) 1j this arrangement requires that I 
Nd > 
I-rl 
the input beam, intersection be located before the 
input waist. This condition cannot be met by beam 
splitters producing real intersection, such as 
diffraction gratings. 
z1u 
(iii) When 0< -T < 1, then i takes values less than 1. 
The range 0 <-!! <1 gives virtual image. In the f 
range 1! <0 the input beams are converging and f 
V<1. 
iz1 
(iv) The case when -T <0 is of no practical use 
In practice, case (i) is not suited to small focal length 
lenses (f, M Zl)s the limit being the physical dimensions 
of the optical components between the lens and the input 
waist in the laser resonator. Case (ii) offers the widest 
choice of focal lengths. Case (iii) is also limited to 
large focal length lenses. The optical arrangements 
corresponding to cases U) to (iii) above are shown in 
figure 2.21. The main difference between the three 
arrangements lies in the distance of the intersection image 
from the lens. In the parallel beam configuration, Xn f 
in the diverging and converging beam arrangements i> 
and-E <1 respectively. f 
With reference to figure 2.20 the following observations 
are made: 
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L 
parallel input beams 
(b)' diverging input beams 
ZIL 
f 
v 
lp -W 
a 
(c) converging input be=s 
Figure 2.21 One lens system arrangements 
U 
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-V -9 
z2z 
1. For wary value of ?. >, l there are two values of --r, 
between I and a- and one (double root) when 
2 is a 
maximum. 
z2 z1 
2. For every value of -T <1 there are two values of -ir 
between I and -m and a double value when 
z2 
is a T 
minimum. 
zi 
3. For every value of there are two values of w1z1 W2 
displaced symmetrically about 1. where - is a wi 
maximum. it is also noted that for any particular 
z2W2 
value of --f the 
- 
re is only one value for wl 
Radial diffraction gratings have been used as beam 
splitters throughout this work and thus we are mainly 
concerned with case (ii), i. e. diverging input beams. As 
already mentioned it is not possible to make 
R> Zl, in 
ff 
order to achieve coincidence when using a diffraction 
grating as beam splittert in a single lens system. As an 
example of the difficulties encountered in the setting up 
z2 
of the optics, let z 60 cm and f- 15 cmi then 
1.106 and for coincidence 11 must be 10.55. If the lens f 
focuses the two beams this implies that the input inter- 
section must lie about 1.6 m in front of the lens which is 
not possible with a diffraction grating. If now one sets 
u= 25 cm then X-2.5 and this gives a distance between 0f 
output waist and intersection of 21 cm. 
It was due to this difficulty in achieving coincidence that 
the effect of adding a second lens to the optical system 
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0 
was investigated. 
2.7 DUAL BEAM LDA - TWO LENS SYSTEM 
2.7.1 Introduction 
It was shown in paragraph 2.7 that in a one lens systamt 
0 
when the input beams are parallel, small focal length 
z1 
lenses cannot be used since -f must be equal to 1. in the 
z 
case of converging beams must be less than unity# which 
also prohibits the use of small focal length lenses. it 
was also pointed out that in the case of diverging beams, 
coincidence could not be achieved when using a diffraction 
grating as beam splitter. In order to overcome these 
limitations a two lens arrangement was proposed. In this 
arrangement an additional lens is placed before the beam 
splitter. Such a system is shown in figure 2.22 where w0 
denotes the-input waist radius to the first lens. The 
P 
first lens produces a new beam waist, whose position and 
size can be adjusted by suitable choice of focal length 
so that therequirement. for coincidence, 
1111 >1-Z11-' may be ff 
met. The effect of this lens is to reduce the value of W, 
and hence increase the value of -1 in equation (2.14). It fr 
is seen from figure 2.20 that as --I increases, R tends 
z1 fF f 
towards -T asymptotically and this allows the input waist 
to the second lens to be located near the input inter- 
section. In the case when a radial diffraction grating is 
being used? this gives the added benefit that the incident 
57 
beam an it has a reduced spot size and consequently the 
ellipticity of the output beam crone section in reduced 
133 p 341 
a 
4b 
Figure 2.22 Two lens system geometry 
2.7.2 imaging of beam waist 
In the two lens system shown in figure 2.22 equations 
(2.12 and (2.13) apply to the second lens. For the first 
lens two similar expressions apply: 
1M-1 (2.24) 
WO 2- 
f 1) 
2 
(2.25) 
S8 
By eliminating the intermediate parameters s 2" z1 and w1 
the output variables Z2 and w2 can be expressed in terms 
of the input variables a, # woo f, f and do where dm 
32+ an followst 
w 
w2w 
WO 
32 
2+ 
)2(n)4' 
wo 
2 
z2 
112 
2fW, 
)4 
ir + -7, w 
(2.26) 
(2.27) 
where S2 and w1 are given by equations (2.2S) and (2.24). 
2.7.3 Conditions for coincidence of output waist and 
intersection 
vz 
As in the case of the single lens system if we set y= -7- 
in equations (2.21) and (2.27) we obtain 
(1 - 1) -32f2w1 
f 
-f 
F 
(. 2 - i) ml 
; ii GE )(wo 
(2.28) 
2 
By suitable rearrangements, equations (2.28) as well as 
equations (2.26) and (2.27) can be reduced to forms which a- 
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can be represented by the graphs in figure 2.20, although 
due to their complexity direct interpretation of these 
three expressions is not possible as in the case of their 
single lens counterparts. For practical purposes# 
numerical solutions were obtained in the following manner: 
choosing suitable ranges of values for fl, a,, f and d, 
equations (2.26), (2.27) and (2.28) were solved by computer 
for w2l' z2 and u. The choice of the input parameters 
depended on available optical components and practical 
considerations. such as overall dimensions of the set up. 
Since a diffraction grating was used as beam splitter, 
only the case of diverging input beams to the second lens 
and u, <d was examined. Several solutions were tested and 
in all cases it was found that the output beam waists were 
displaced slightly from the output beam intersection. This 
was attributed to low accuracy of measurement of the 
distances between the optical components using a ruler 
j 
graduated in =, possible difference between the actual and 
nominal focal lengths of the lenses, non-paraxial focusing 
of the beam by the second lens and probable error in 
estimating the location of the beam waist in the laser 
resonator. This problem was remedied by a small 
readjustment of the position of the diffraction grating. 
The size of the output waists as well as their location 
relative to the beam intersection were determined using 
the 'Power ratio' technique [321,, see section 2.8. 
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2.7.4 'Practical considerations 
In a practical laser Doppler anemometer some of the 
variables are limited to a particular range of valuesp 
dictated by the following requirements: 
Positive input waist to. lens distancef i. e. > 
it can be shown from equation (2.13) that when 
z2 
--jr a 0j, then 
z 
-T a- 
Thus 240 if -L >2 in the range of values of 
Z' 
ir fF -T 
given by the above expression4 This condition 
also satisfies the requirement for a real beam 
intersection image (v 
It is usually required that 
w2 
1. It is noted 
w2 wl 
that <1 if -L <1 (all 
z! ) and also if -L >1 w1 fF ffF 
z1 
and - lies outside the range of values given by 
/i-. - 
(iii) The minimum value of z1 in a single lens system, or 
s1 in the case of a two lens system# is determined 
by the actual physical size of the laser. 
Uv) The lens aperture, 2L, the value of u, the angle 
between the input beams, the value of Z2 and the 
angle between the output beams must all be taken 
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into account when designing a laser anemometer. 
Referring to figure 2.23,0 and 0 are the half-angles 
between the input and output beamsp where tan 0 
L and tan 0 Angles 0 and 0 must be such v 
that L, is as small as ionsible if undesirable 
aberrations are to be avoided. 
-0, 
Figure 2.23 Focusing lens parameters 
2.8 BEAM DIAMETER MEASUREMENT 
2.8.1 Introduction 
As it was pointed out in section 2.5.1 it is important to 
make the waists of the focused beams coincident with the 
beam intersection. A related problem is to know the 
physical dimensions of the beam crossover region, which is 
important when making biasing corrections in flows with 
velocity gradients US]. To achieve this, a method was 
developed for measuring laser beam diameters and also 
determining the exact position of the beam waist. 
.e 
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As seen from equation (2.8) the divergence of a laser beam 
increases in proportion to the inverse of the beam waist 
radius. in the vicinity of the waist the beam radius can 
be considered constanti when two beams cross at the 
waists the probe volume is symmetric. At that point also 
the beams are plans waves and the resulting interference 
planes are parallel. If two beams intersect some 
distance away from the waistf the intersection region is 
no longer symmetrict due to a change in beam radiusl the 
waves are no longer plane and the result is interference 
plans gradients E361. This has been demonstrated in 
figures 2.15 and 2.16; the difference between the shapes 
and sizes of the probe volumes is marked. 
2.8.2 Measurement of beam-diameter, power ratio method 
A technique for measuring the spotsize of Gaussian beams 
1371 was adapted and applied to the location and 
measurement of the beam waist. The-theoretical basis of 
the method is as follows: 
The intensity I(xty) of a Gaussian beam is given 
D 8,3 91 by: 
I(X, Y) = 
2p 
exp 2x2+V2 (2.29) 
7rb b2 
0 
where p0 denotes the total beam power andbo the beam 
1 
radius at the -1 intensity points; x and y are normal to 
e 
the beam axis. 
I 
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The beam power is 
ff 
I(x,, y) dx dy. 
if, as shown in figure 2.24 a thin wire of radius a is 
placed symmetrically about a diameter of the beam cross 
section, the detected beam power becomes a minirmimeP m and 
is given by 
2 
2P 
0 
xmft ymm 
exp -2 
x2 
.+V2) dy dx (2.30) m7iIb2 
x= a yu -a 0 
2 2v 2 do -t 
2 
VF Letting t 
I- r 
and noting that a dt -11 bo 
0 equation (2.30) can be reduced to 
pmn 
400 
exp 2X2 ) dx V-0 b07- 
cc 
0 I'lir 
or LM n2 eýz 
2 
p- dz 
(2.31) 
_avi bo 
where z2m 
2x 2 
-2 b0 
a 
p2 20 f(a Also m e-z 
dz m1- er: 
p00 
b 
PM 
p erf c(a (2.32) Bo 
64 
Using tabulated values for the error function the graph in 
figure 2.25 was constructed. With Pm and P0 measured, b 
can be calculated for a given value of a. 
Alternatively one can use tabulated values for percentage 
points of the normal distribution. In this case letting 
x2= z2 in equation (2.31) one obtains T 
pmIa2 
17217 exp 
(- X7-) dx 
12a 
I 
Figure 2.24 Arrangement for measuring beam diameter: 
A: beam cross sectiont B: wire. 
Statistical tables contain tabulated values for a and u. 
where a exp (- 
2E2 ) dx 
ýrr 
12 
Ua 
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2.8.3 Experimental determination of unfocused beam 
dimensions 
(a) Pinhole method 
The object of this investigation was to check whether the 
intensity distribution of the laser beam was Gaussian and 
to measure the beam diameter for later comparison. 
The traditional. method of scanning the beam with a pinhole 
was used. The distance between the laser exit and the 
pinhole was 7.1 m; the beam cross section appeared as a 
large and clearly defined disc, with very little background 
light from the laser plasma tube. The pinhole, of 0.69 mm 
diameter, was drilled In a thin steel disc on which 
concentric circles and two diameters at right angles to 
each other were scribed# to assist in traversing the 
pinhole along a diameter of the beam cross section. The 
steel disc was mounted on a large area phatodiode so that 
the pinhole was positioned centrally to it and the whole 
arrangement was fixed on a translation stage with micro- 
metric movement. With this set up measurements of laser 
power were made along a diameter of the beam cross section 
using a laser power monitor (Scientifica and Cook 
Electronics Ltd. )t with an analogue display. The readings 
were divided by the pinhole area and non-dimensionalised 
with the estimated peak value. 
The results are shown in figure 2.26 with a theoretical 
Gaussian profile -superimposed on them. The non-dimension- 
alised expression for the theoretical curve is derived from 
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Figure 2.26 Intensity distribution along a diameter of the beam cross 
section. Solid line: equation (2.33) v -0- : experiment 
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equation (2.29) by letting yw0 and noting that 
2P 
I(o) a f, i. e. -b T- 
0 
3: W 2X2 (2.33) 1 (0) a exp (-. -. -T) b; 
where bo the intensity r4RUus of the beam cross section 
was taken as 3.9 mm from the experimental results. 
The results showed that the intensity distribution of the 
laser light was Gaussian. 
(b) Usingthe power ratio-technique 
The measurements were carried out at the same point as 
with the previous method. Three different diameter wires 
were used to measure the beam size. The experimental 
set up for these measurements is shown in figure 2.27. 
Three steel strips of widths corresponding to the wire 
diameters were also used in order to investigate any 
possible differences in the measurements between using 
wires and flat strips. The various wire and strip sizes 
together with the results are shown in table 2.3. It is 
seen from the results that: 
(i) There is no difference between readings obtained 
with flat strips and wires of similar dimensions. 
(ii) The. three different sized wires and strips gave 
results which are in close agreement. 
(iii) The beam diameter was about 7.8 mm. 
Similar measurements using this method were carried out on 
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0 
co4llectng lens 
photodetector 
laser 
wire 
laser power monitor 
Figure 2.27 Experimental not up for power ratio method 
WIRES MAT STRIPS 
2& PM 
(MW) 
PO 
(MW) 
2bo PM 
(mw) 
po 
(mW) 
2b 
0 
4,83 1.69 8.50 7. si 1.65 8.50 7.48 
2.57 4.40 8.53 7.99 4.40 8.53 7.99 
1.10 6.72 8.60 7.86 6.73 8.60 7.89 
Table 2.3 Results frcm beam diameter measurements. 2a - wire 
diameter or strip widthlb 
0- 
beam radius. 
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the unfocused beam near the laser, where the background 
light from the laser tube appeared to be more intense. 
There it was found necessary to place an iris diaphragm 
between the laser and the wire, with an aperture of about 
2. ý-3 times the theoretical beam-diameter at that point# to 
avoid truncating the beam (81. If no iris diaphragm was 
usedj, the measured beam diameters increased slightly with 
wire diameter. This may be explained an follows: An 
almost constant amount of background radiation is being 
added to the parameters PM and Po. regardless of the wire 
size. As a percentage, this radiation is higher when those 
parameters have small values. Since P0 remains approxi- 
mately constant and Pm becomes smaller ass the wire 
p 
diameter increasest the error in -m becomes correspondingly p0 
larger, thus resulting in an increase in the measured 
beam diameter with increasing wire diameter. It was 
observed that this problem became more severe if a 
collecting lens was used, as shown in figure 2.27 and no 
iris diaphragm to cut out the backgrouncl illumination. 
For measurements near the laser, where the beam diameter is 
smallp or in the. case of focused beams, it was found 
necessary to solder the fine wires on a steel plate, on 
which a hole of a few mm diameter was drilled. The wire 
was aligned along a diameter of the hole. With this 
arrangement no other means of cutting out the background 
radiation was needed and tests carried out under a variety 
of conditions gave consistent results. 
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2.8.4 Beam waist location 
Having established the validity of the method for 
measuring beam diameters# attention was turned to the 
location of the waist of the focused beams relative to the 
point of intersection between the two beams in a dual 
beam LDA. 
A very popular arrangement for a dual beam anemometer at 
the time of this investigation consisted of two beams 
made parallel by using either a prism type beam splitter 
12,161 or a radial diffraction grating and a lens 120#28P 
401,. and a focusing lens. This type of optical system was 
based on the assumption that the parallel beams were 
collimated and when focused by a lens# coincidence of 
waist and ciossover was guaranteed. This clAim was 
investigated using the optical system shown in figure 2.28. 
Figure 2.28 Dual beam arrangement for investigation of 
beam waist location. Dimensions in cm; fn So cm; f2 
5 cm; v=5.08 mm. 
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A wire of diameter 100 ým was used# mounted on a 
translatioh stage with micrometric movement in two 
directions. Measurements were taken after L2 in steps of 
1 mm on both beams. The initial distance of the wire from 
the lens was measured using a ruler and a small error in 
expected. The results of the measurements are shown in 
figure 2.29. 
It is noted that: 
the waists of the two focused beams occurred at 
slightly different distances from the focusing lens. 
and 
(ii) neither of the waists coincided with the beam inter- 
section. 
Following this, measurements of the beam diameters between 
lenses L, and L2 were carried out and the results are 
shown in figure 2.30. It is seen that the beams converge 
to a waist, at a distance of approximately 59 cm after Lle 
The above findings invalidated the suggestion of collimated 
beams between lenses L1 and L2 and guaranteed coincidence 
of waist and intersection after L 2" Subsequent attempts to 
achieve coincidence by varying the distance between the 
lenses within practical limits, proved fruitless? although 
it was possible, if different focal length lenses were used. 
Figure 2.31 shows the. effect of varying the distance 
between the lenses on the position of the focused waist. 
As a result of the above no further use was made of this 
I 
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Figure 2.31 Focused beam waist position for various L1-L2 distances 
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type of optical arrangement for a dual beam laser Doppler 
anemometer. 
2.8.5 Experimental determination of beam waist dimensions 
(a) Using the power ratio technique 
The optical arrangement used was an optimised two lane 
system, giving coincidence of beam waist and intersection 
and it is shown in figure 2.32. 
Figure 2.32 Set up for measuring beam waist diameter. 
Dimensions in cm. 
A: laser, B: grating, C: wire, D: photodiode, E: laser 
power meter. f1M 15 cm, f2=8 cm, f3n5 cm. 
The diffraction grating which had 186oo lines was rotated 
at approximately 350 rpm to average out any variations in 
its transmissivity. 
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Three different size wires were used and their dimensions 
and the results obtained are shown in table 2.4. 
2a (um) pm (MW) p0 (MW) 2b 
O(um) 
20 01? 4S 1.835 62 
30 O. Sso 1.81S 60 
40 0.3SO 1.800 62 
Table 2.4 Results fr= beam waist measurements. 
a= wire radius, bo m beam radius. 
From the results it is seen that the beam waist diameter 
was about 61.5 um. The half angle, 0, between the beams 
was calculated by measuring. the beato separation at two 
different distances from the intersection of the beams and 
A- - 
Ip 
taking the average. Thus for this arrangement, 0 was found 
0 
to be 4.92 , Using expressions (2.16) the dimensions of 
the measuring volume were found to be &;: = 717 um and 
ay m62 um. 
(b) Using frequency shifting 
The two lens dual beam LDA used was that shown in figure 
2.32. A photomultiplier collected light scattered from the 
intersection region in the forward paraxial direction. 
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Frequency shifting was provided by the rotating radial 
diffraction grating. A fine wire of 20 Um diameter was 
placed in the intersection point at right angles to the 
y-z plane defined in figure 2.11. Translation of the wire 
was possible along the z and y directions. A telescope 
was attached to the photomultiplier to focus the 
scattered light an a pinhole in front of the photomulti- 
plier. Readings of the photomultiplier a. c. voltage 
output were taken, using a digital voltmeter# at a number 
of positions of the wire along z and y. Values of the 
photomultiplier output, which is proportional to the light 
intensity, divided by the estimated peak value are shown 
in figure 2.33, from which the z and y dimensions of the 
measuring volume were estimated as 943 and 82 Um 
respectively. 
(c) Comparison of results 
The theoretical dimensions of the probe volume given by 
equations (2.25) and (2.15) are Az - 730 um and y 
62.8 Um. The results obtained using the power ratio method 
are in good agreement with the theoretical ones but those 
in (b) above differ considerably. This difference can be 
wcplained as follows: 
Figure 2.34 shows two: intersecting beam . If paraxial 
forward light detectign is employed, a wire of radius 
traversing the intersection region in the z directiont will 
first produce signal of intensity ratio equal to 
1 at 
-Y 
e 
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Figure 2.33 Dimensions of probe volume. A and C: equations(2.19) 
and (2.20) with b0- 31.3 um; B and D: equations (2.19) and (2.20) 
with b0- 41.3 umi o: experiment. 
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position (A)# where it intersects both beams at b and c. 
Figure 2.33 Probe volume length measurement using 
frequency shifting 
This was confirmed by using wires of large radii to allow 
visual observation. At position (B) corresponding to the 
end of the Doppler signal, the end points of a wire 
diameter, parallel to the y axis.. lie on the contour of 
e 
the beams at d and e. It can be shown that from position 
to position (B) the wire will have traversed a distance 
z given by 
Az +a1+1 
sln 0 tan e 
if e is small as is usually the case, then 
ta +2a 8 
(2.34) 
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where 0 is in radians. In a s4milar manner it can be shown 
that the measured length of the y-diagonal of the inter- 
section region is: 
Ay + 
2a 
sin 
Ir 
- 0) 
which for a small angle 0 becomes 
Ay + 2a (2.35) 
Using the results zn 943 um and y= 82 pm it is found 
from equations (2.34) and (2.35) that Az w 710 um and 
Ay = 62 Um, results which are in good agreement with 
theoretical ones and those in (a). 
F-3cpressions (2: 34) and (2.35) indicate that the results 
from this type of measurement are similar to what theory 
1 
would predictif the -z beam diameters were equal to 
e 
(2b 
0+ 
2a). 
in figure 2.33, curves B and D are plots of equations 
(2.19) and (2.20) with the beam radiuss, b0# equal to 
(b 
0+ a) 
i. e. 41.3 um. 
2.8.6 Concluding remarks 
When the power ratio method is used for measuring beam 
diameteiýs, any size wire ist in theoryt suitable provided 
its diameter does not exceed that of the beam. In 
81 
practice the best wire sizes were found to be in the 
region .1 to .1 of the beam diameter# since when using 44 
large wires P M. was 
too small and when the wire diameter 
was small, PM differed very little from P0. In both 
these extreme cases disproportionate errors arose. 
When the beam diameter was small (focused beam ) an 
estimate of itt based on equation (2.12)twas necessary, 
to ensure that the sizes of the wires available were 
suitable. 
Special care was taken to minimize background light and 
light scattered from the lenses, in order to reduce 
errors in the laser power measurements. 
When a large area photodiode was used to measure laser 
power, a collecting lens was not necessary. Consistent 
results were obtained with and without such lens. 
The method described in section 2.8.5(b) for measuring 
the probe dimensions, required very careful alignment of 
the collecting optics. 
The pinhole method, also used in this work, is reliable, 
as long as the beam diameter is large compared with the 
pinhole size, but even so# due to significiant gradients 
in the Gaussian intensity distribution, the centre of the 
pinhole cannot be considered as the point of measurement. 
The power ratio method is thought to be simple and reliable. 
Measurements made under various laboratory conditions were 
/ 
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consistent and repeatable. The orientation of the wire 
relative to the beam is not critical# the only condition 
being that the wire must be straightt clean and of 
constant diameter. Extensive use was made of this method 
for determining the position of the beam waist. To do 
this, it was only necessary to take readings of Pmp as 
PM is directly proportional to beam diametert provided 
that P0 remains constant. Visual observation of the 
beam by means of smoke was found to be a useful aid. 
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CHAPTER 3 
PRACTICAL ASPECTS OF VELOCITY 
MEASUREMENTS USING LDA 
89 
3.1 VELOCITY MEASUREMENTS IN FLUIDS - EFFECTS OF 
REFRACTIVE INDEX 
3.1.1 Probe traverse 
When velocity measurements are carried out in ducts,, the 
laser beams usually pass through a glass wall and the probe 
volume is formed in the fluid in thb duct, The distance 
traversed by the probe in the fluid can be different from 
the distance traversed by the optics, due to the different 
refractive indices involved (1*21. Assuming a plane duct 
wall, refraction theory gives: 
na sin 0 an 9 sin 0anf sin a 
and sin a. sin 
e 
nf 
where nap n9 and nf are the refractive indices of air, duct 
material (glass usually) and fluid in duct respectively. 
If A and B are two positions of the focused beam#, then the 
distance traversed by the apticsr MN and the distance 
traversed by the measuring probe* KL, are related as follows 
(see Figure 3.1): 
KL = OL - OK n1 (OP - OE) tan a 
where OK m 
OE 
I OL n- 
Qp 
tan a tan a 
also OP - QE n MN tan a 
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0 
thus KL a MN 
tan a 
tan a 
= MN n Cos a f Cos 
2. sin 
or 
KL 
mf MN Cos 
AIR 
ol / GLASS 
12 E'o 
/P 
T 
FLUID 
m 
K 
N 
rigure 3.1 Effects of refraction on focused beams 
(3.1) 
if, as usually is the case, 6 is small, the above reduces to 
KL 
n1 (3.2) MN nf 
Hence the distance traversed by the probe relative to the 
distance traversed by the optics is independent of the 
thickness of the glass wall and its refractive index. It 
follows that when the fluid in the duct is air (nf-mr 1), no 
correction is necessary for the probe traverse. 
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The addition of solids would result in a different index 
for the suspension, In this work# only dilute suspensions 
were used, and no significant change in the refractive 
index was observed. 
3.1.2 Fringe spacing (fringe mods anemometer)_ 
I 
With reference to figure 3.1, 
sin ct. vl 
sin ev 
where VI and V are the velocity and wavelength of light in 
the fluid and V and X are the velocity and wavelength of 
the light in air. 
For the refracted beam within the fluid 
£ringe spacing m 
x# 
29 in a* 
Substituting for sin a from above: 
x 
fringe spacing w2 sine 
This expression is identical with equation (2.4).. which gives 
the fringe spacing for the case when the surzounding medi= 
is a ir. 
Hence for velocity mea surements in fluids, the signal 
frequency is independent of the refractive index of the 
fluid. 
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3.2 FREQUENCY SHIFTING 
3.2.1 rntroduction 
It was noted in section 2.2.3 that the signal obtaihed from 
a laser anemometer gives the magnitude of the velocity of 
the scattering particle normal to the fringes# but not its 
direction. Hance the inherent directional ambiguity of such 
0 signals is 180 This is of no consequence in situations 
where the direction of the mean velocity is known# e. g. 
lam. inar flow in ducts, linear translation of a solid 
surfacet turbulent flow with low turbulence intensity etc. 
However, in cases such as highly turbulent flows# where the 
direction of the velocity changes with timet oscillating 
or recirculating flowst information about the direction of 
the velocity vector is as important as information about its 
magnitude. Assuming Gaussian velocity probability density 
distributiont estimates of possible errors in the 
calculation of the mean velocity and turbulence intensity 
in highly turbulent*flows, as a result of directional 
ambiguityr have been presented by Durst and zar6 13). 
The most common technique for the removal of directional 
ambiguity in laser anemometry consists of adding a frequency 
shift to the laser beam . The effect of this is that the 
zero velocity level of the scatterers is represented by the 
shift frequency and positive or negative velocities will 
appear above or below this shifted frequency. 
Buchhave [4) has pointed out that, for frequency counter 
based LDA systems, the velocity offset must be greater than 
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the largest velocity component along the measuring 
direction by an amount such that the number of fringe 
crossings by the particle is larger than the number of 
cycles over which the frequency counter operates. He has 
also noted that the accuracy of the measurement would be 
reduced by introducing too largo a frequency shift. 
Measurements in low velocity flows are facilitated if 
frequency shifting is used, as low frequency noise from the 
laser and photodetector and low frequency mechanical 
vibrations can be present. rrequency bias also allows 
matching of the heterodyne frequency to the characteristics 
of the signal processing equipment (5]. 
Another function of frequency shifting is the removal of 
the pedestal part of the signal. The photodetector signal 
consists of Ma Gaussian pedestal waveform produced by 
the light scattered from the beams by a scatterer and (ii) 
a sinusoidal signalf containing the velocity informationt 
with Gaussian amplitude variationt produced by interference 
of the light scattered from the two beams. Durst and Zard 
(31 have shown that in highly turbulent flows the frequency 
spectrum of the pedestal can interfere with the sinusoidal 
frequency spectrum of the signal, when scatterers of widely 
differing velocities are present. In this case electronic 
filtering is not sufficient to attenuate the pedestal. A 
constant frequency bias will shift the sinusoidal frequency 
without affecting the pedestal frequency and electronic 
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filtering can then remove the pedestal. measurements in 
flows with varying volocity require, continuouti rosotting 
of the high pass filter or an initial setting of the filter 
covering the largest part of the expected frequency range. 
This is a major limitation of this pedestal removal 
technique and other more effective methods have boon 
proposed [3). 
3.2.2 Effect of frequency_-shiftinaon counter Proggssed-nicinals 
There are three main factors to be considered when 
frequency shifting is employed. First directional ambiguity 
must be removed, second the number of cycles in the signals 
must be made sufficient for the counter to process the 
signal and third the signal must be efficiently filtered. 
Depending on the level of turbulencer particle trajectories 
through the probe volume can vary between two extremes: 
that normal to the fringes when the measured velocity 
component equals the absolute velocity of the scatterer, 
and that parallel to the fringest producing a zero velocity 
component in the direction of measurement. 
As the angle between the interference planes and the 
particle trajectories becomes smaller so the probability of 
obtaining a valid signal diminishes, the limiting case 
being when the number of signal cycles falls below the 
preset number over which the frequency counter operates. 
It is thus obvious that the signal generating process 
95 
discriminates against fluctuating velocity components#, 
which deviate appreciably from the mean flow directionp 
thus truncating the low frequency and of the frequency 
spectrum. 
Particles passing through various parts of the probe 
volume and at various angles to the orientation of the 
fringest may or may not produce a'signal containing 
sufficient cycles for the counter to process that signal. 
Thus counters suffer from "dead zones"# i. e. particle 
trajectories which give an insufficient number of signal 
cycles. Buchhave 141 has presented analytical 
estimates of particle trajectories which give rise to dead 
zones. Frequency shift can remedy these problems by 
artificially producing sufficient fringe crossings from 
particles.. whose path may even bb parallel to the fringes. 
In a moving fringe system the total signal frequency f. is 
made up of the Doppler signal frequency fd# and the shift 
frequency f, i. e. s. 
f= fd +f (3.3) 
it is noted that when the particle path is parallel to the 
fringes then f= fs. The transit time for any particular 
particle path through the probe volume is independent of 
the frequency shift. *Prequency shift can either increase 
the Doppler frequency, in which case the fringes move in a 
direction opposite to that of the particle, or reduce itt 
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when the fringes move in the same directioq as the particle. 
3.2.3 Removal of directional ambiguity 
Consider a flow where the instantaneous velocity U, 
consists of a known mean velocity U and a fluctuating 
component ul. If U> lull then the measured value of u can 
be either greater than a# which implies that the measured 
component ul has the same direction as ill, or u<G in which 
case U and ul have opposite directions. In these cases 
there is no directional ambiguity. If on the other hand 
;< lull or when ;= Ot the direction of ul will not be- 
known and a velocity bias will be necessary to overcome this 
difficulty. 
For removal of directional ambiguity the measured frequency 
f. must not change sign during measurements. Hence the 
directional ambiguity can be removed by applying a frequency 
bias larger than the maximum absolute value of the 
fluctuating Doppler frequency. in practice an estimate Of 
the maximum value of the velocity fluctuations is necessary 
before the shift frequency can be set. 
Frequency shifting, if not properly controlled, can have 
detrimental effects when used in conjunction with frequency 
counting techniques. -Frequency counters process signals 
which exceed a preset-threshold voltageif the number of 
zero crossings and several other conditions are correct 
(see chapter 4). It is possible, with improper setting of 
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the shift frequency to either reduce the number of signal 
cycles to less than that required by the countert or to 
increase them to such an extent that the time duration of 
the measurement cycles is only a small fraction of the 
particle transit time. 
in pipe flows with moderate turbulence intensities# 
frequency shifting is necessary in the region near the wall, 
when measuring the axial velocity component and throughout 
the pipe radius when measuring in the radial direction. 
in this work upshifting, i. e. adding a positive frequency 
shift to the signal frequency, was often used and the 
Doppler frequency was then obtained by subtracting the 
shift frequency# i. e. fdaf. f5# see equation (3.3). 
3.2.4 
'Effects 
of-frequency shift an signal filtering 
It is possible using frequency shift to upshift or 
downshift the signal frequencies so that optimum filtering 
can be obtained from an available filterband. 
Figure 3.2 Illustrates the usefulness of frequency shift in 
cases where part of the frequency spectrum lies close to 
the filter cut-off and is thus attenuated. The bimodal 
distribution was obtained from an air-solids suspension 
flow. The solids were glass ballotinisize 10, producing 
the low frequency part of the histogram. Smoke was 
injected, which together with fine dust present in the air, 
produced the high frequency signals. In figure 3.2(a) the 
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Figure 3.2 Effect of frequency shift on velocity measurements. 
Glass ballotini, 210-325 um; filter band: 0.5-8 MHz 
(corresponding to 1-16 a/s). 
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10 
low frequencies were attenuated by the high pans filter. 
. 
Upshifting of the frequency by 1.2 Mllz moved the whdlo 
frequency spectrum towards the centre of the pass band and 
produced the result in figura 3.2(b), which was typical for 
that particular flow situation. 
3.2.5 The radial diffractiongrating 
Various methods exist to obtain frequency shift of light 
beamst such as acousto-optic and electro-optic techniques 
and using rotating radial diffraction gratings. The 
latter is a very popular method when relatively low pre- 
shift frequencies are needed and the budget is limited. 
A radial diffraction grating consists of a glass disc 
with line pairs etched on it. The disc can be mounted on a 
d. c. motor whose speed can be accurately controlled. Thus 
a rotating radial diffraction grating performs two 
functions, namely that of splitting the incident beam and 
also as a frequency shifting device. 
The grating divides the incident laser beam into one. 
undiffracted zeroth-order beam and pairs of higher order 
diffracted beams. The diffraction angles for the 
diffracted beams are given 15,6,71 by 
sin Op =A Pdr 
where 0p is the angle between the p 
th 
order beams and the 
zeroth-order beamt X is the incident light wavelength and 
dr is the line pair viidth of the grating. 
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There are two main types of gratings wibh different 
diffraction efficiencies (a). 
(a) High efficiency bleached gratings giving a low 
intensity zeroth-order beam and high intensity first- 
order beams (up to 65%). These are used in dual beam 
anemometer arrangements# where two equal intensity 
beams are required# in which case all the other beams 
except the first-order ones, are masked out. 
(b) Gratings with low diffraction efficiency in which most 
of the emerging radiation is contained in the zeroth- 
order beam (up to 85%). This type of grating is used 
in the reference beam mode optical anemometer. 
When the radial diffraction grating is rotated, it produces 
a light frequency shift in the diffracted beams given 17,91 
by 
u± pN S (P) dfr 
where Ndis the number of line pairs on the gratinge, fr is 
the frequency of rotation (rev/s) and p, is the diffraction 
order. The total frequency shift produced from two beams 
of the p th order is then 
fsm 2pNdf (3.4) 
In the fringe modelt the above represents a movement of the 
fringes which results in a signal from a stationary 
scatterer of frequency equal to fso 
Due to the change in the line spacing along the radius of a 
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radial diffraction grating# the diffracted beams have an 
elliptical rather than circular cross-sectionj this is 
more prominent in the higher order beams# whereas the lst 
order beams, usually employed in the fringe mode anemometers,, 
suffer very little distortion. This distortion can be 
minimized if the incident beam is focused on to the 
grating 171# although this may result in an increase of the 
bandwidth of the frequency shift (6) . 
Some of the features of the radial diffractioft grating as a 
beam splitting device [8*101 aret 
(i) The two f irst order dif f racted beams have equal 
intensities.. regardless of the state of polarization 
of the incident light. 
(ii) The beams have equal path lengths. 
The beams lie in one plane and will cross each other 
when focused even if the optics are slightly 
misaligned. 
(iv) A small angle between the plane of the grating and the 
optical axis does not affect the beam propagation. 
(v) The shifted frequency of the diffracted beams is 
independent of the radial distance. 
The performance of a radial grating can be limited by errors 
in the ruling, variations in the angular velocity and 
vibrations. These defects result in an increase of the 
frequency spread in the shifted signal although mean flow 
velocities remain unaffected [6]. To reduce the effect of 
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drift and random fluctuations in the diffraction grating 
velocity# Goossans and Pagoo [111, used a separate photo- 
diode to monitor the preshift frequency and by electronic 
mixing with the signal frequency they improved the 
performance of the diffraction grating. 
The electro-optic and acousto-optic frequency shifting 
methodst mentioned above# have inherent disadvantages when 
compared to the diffraction grating, in the frequency range 
where the latter is used; they both require expensive 
modulating devices 161 high frequency supplies and their 
alignment is critical 15). A detailed account of these 
various methods of frequency shift has been presented by 
Durst and Zare' P). 
3.3 LIMITATIONS IN THE ACCURACY OFFREQUENCY MEASUREMENTS 
3,3.1 Introduction 
The accuracy of measurement of the Doppler signal 
frequency is limited by noise present in the processed 
signals and various biasing effects. Noise can exist in 
the optical signals, the scattering and detection process 
(shot noise) and in the resulting electronic signals 
(Johnson noise) [12). 
Biasing of the measured frequencies may be due to variable 
fringe spacing# gradients in the flow field and statis- 
tical bias inherent in the sampling methods. Errors can 
103 
also be introduced into the measurements from the 
frequency measuring instruments. 
3.3.2 Velocity_biasingp sources and corrections 
(a) General considerations 
Velocity measurements by a laser Doppler anemometer are 
affected by errors which arise from a variety of sources. 
The main error is a random statistical error arising from 
a bias in favour of signals from the faster moving 
particles when the flow is turbulent. Another error 
arises from the velocity gradients that are present across 
the finite length of the velocity profile covered by the 
measuring volume 113#14,15). In general more signals are 
recorded from faster particles than slow ones in a given 
time period Jl6,, l7, l8jl9f2Of2lj22r23j. Thus the velocity 
that exists at the geometric centre of the probe volume, is 
not necessarily the mean velocity calculated from all the 
signals collected at that position. Another source of 
error is due to the averaging properties of the photo- 
multiplier 116,231 with a biasing towards the lower 
velocities. 
In the following investigation it is ass=ed that there is 
a uniform distribution of scatterers in the fluid. 
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(b) Sources of biasLqgerrors 
Consider a velocity distribution defined by a function 
f(x) as shown in figurc 3.3. 
IX) 
f(x) 
2 113 x 
I 
Figure 3.3 Velocity variation along measuring volume. 
uu velocityr xa radial direction, x1-x3= probe length. 
Assuming a two dimensional situation, lot the probe 
volume be centred at x2 and its length extend over a 
finite distance xI to x 3" When specifying the measuring 
pbint,, one assumes this to coincide with the centre of the 
probe,, i. e. located at x2 and hence the mean velocity 
measured by the probe in that position would be expected 
to be 
ürm (X 21 (3.5) 
In practice the measured velocity would not be equal to 
ur but would deviate from it by an amount depending on the 
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type of flowt laminar or turbulenttand on the velocity 
gradient existing at that point. The following observations 
present a general view of the problem. 
(1) Flow past a point in steady flow 
Laminar flow: All particles flowing past a point 
have identical velocities# hence there is no 
bias. 
(ii) Turbulent flow: Particles flowing past a point 
have different velocities depending on the 
degree of turbulence. Since faster particles 
produce more signalsothis gives rise to a bias 
in the measured mean velocity towards the higher 
signal frequenciesi. e. ni a'ui, where nj is the 
number of data points and ui the corresponding 
velocities. Let this be type (a) bias. 
Particles which have a small velocity component normal 
to the fringes suffer an added drawback, i. e. a lower 
probability of producing a measurement than particles 
which have a large component normal to the fringes# 
since the first might not, during their residence time 
in the probe volume# cross as many fringes as the 
preset number of measurement cycles, although the 
residence times for both cases may be of the same 
order of magnitude. Hence there is a minimum velocity 
component normal to the fringes, below which,. no 
measurements take place due to the signal cycles being 
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fewer than the required measurement cycles. As 
previously mentioned, this error can be minimised by 
using frequency shifting. 
Residence time and measurement time are different,, in 
that the first is effectively equal to the time during 
which the signal exceeds a threshold amplitude and the 
latter is equal to the time of measurement over a, 
preset number of cycles# which in the frequency meter 
used could be varied between 2 and 64. 
(2) Flow over a finite length x1 to x3 
Particles crossing the length x, -x3 have different 
velocities according to the value of the function f(x) 
over that length. 
(i) If equal numbers of crossings were obtained from 
every point along x1-x3 then a bias would exist 
due to changes in the velocity gradient over that 
distance. Let this be type (b) bias. it can be 
shown that this bias would not exist in the case 
of a linear velocity profile. 
(ii) In practice when sampling over time t. the number 
of crossings at every point along x, -x3 is 
proportional to f(x), i. e. nia uio Let this be 
type (c) bias. it is noted that this type of 
bias is different from type (a), in that it exists 
in laminar flows as well as turbulent ones. 
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Hance it is seen that in turbulent flow there arc three 
types of bias in the velocity measured by the LDAr types 
(a)# (b) and (c). In laminar flow only the last two types. 
(b) and CO can exist. 
Cc) Diasing_error corrections 
(1) Laminar flow 
Assuming the idealised case (2)(1) above, the mean 
value of f(x) would be 
IfW 
dx 
UW1 (3.6) 
X3 j 
dx 
x1 
or,, in the case of discrete values 
üi1 (3.7) m l; ni 
and since ni is constant, 
1 
(3.8) 
where Nu number of data points. 
obviously * ;r (equation 3.5).. except when f(x) is a 
straight line. 
Using equations (3.5) and (3.6) the error in the 
measured results 
. 
can be expressed as 
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x3 
ff 
(XI dx 
Error 
X3 f(x2) f 
dx 
x1 
Thus corrected vAlue.. GcnG- error. 
For laminar flow,, in case (2)(11),, 
ni a Ui or ni mk ui o 
nuk ua' zut. 
Hence in 1; k nru 
j 
(f(x)) 2 dx 
For a continuous function 
x 
fW dx 
x1 
(3.9) 
(3.10) 
To correct this bias the number of samples must be 
weighted down to compensate for the higher ni values 
corresponding to higher values of ui, i. e. 
corrected number of data n, k 
nj' 
ic U, 
Then,, corrected mean,, uC 
-=Z 
or uc 
1 
ni 
"' k 
mZ 
nic ui &0 U7 ui 
nic 
k 
ni 
ui 
(3.11) 
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If nk ui then the above expression gives 
- 00 
mi 
U-Nu 
ffW 
dx: 
or as NU 
j dx 
X1 
which is identical to equation (3.8). This shows that 
equation (3.11) corrects only for type (c) bias but 
not for bias type (b). No=ally, equation (3.9) would 
be used for correcting type (b) biast but this would 
assume prior knowledge of the velocity function. This 
is not practicable# especially in complex flow 
situations. 
Turbulent flow 
in turbulent flow a similar argument leads to an 
expression similar to equation (3.11) for correcting 
bias type (a) and (c),, 
nic ki Juil 
and 
ui n ic 
c nic 
ui 
u or (3.12) 
Tu- 
I., 
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where Juil is necessary due to possible negative 
values of ui* 
Type (b) bias would need a separate correction 
similar to that in equation (3.9). 
(d) Velocity qradient bias corrections 
As mentioned above correcting for bias due to velocity 
gradients assumes prior knowledge of the velocity function. 
This is of course possible in laminar flows where an exact 
expression for the velocity distribution exists? but in 
other situations,, such as turbulent flowthis is not 
possible and empirical relationships have to be used. 
Some investigators (13,151 have used a parabolic profile 
for laminar flow and for turbulent flow they have used the 
1/7 power law. 
Assuming that the scatterers move with the fluid, that 
there is a uniform particle distribution and that the 
sample number is proportional to the velocitye i. e. ni w 
ui, we can derive approximate expressions for the 
velocitiest which are measured by the LDA in laminar flows 
and hence apply correctionst as follows: 
Consider a velocity distribution in a laminar pipe flow 
as shown in figure 3.4. 
The 3-dimensional velocity profile is given by u= f(x, z), 
where 
in um (i -x 
ill 
Figure 3.4 Laminar profile geometry 
In figure 3.4 6A is the cross-sectional area of the probe 
vol=e normal to the Ilow direction (x-z plane) and the 
major axis of the ellipsoidal probe lies along a pipe 
diameter. 
The ellipsoidal cross section is given by 
(x -Z2m1 
77 
b 
where a1 and b are the major and minor semiaxes of the 
ellipse. Equation (3.10) can be written as 
ff 
,If(. xtz)l 
2 
JJdA 
f (x " Z) 
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The integration is performed between the limits 
Oz b 
and 2 
r- a/l -z J 17Z - 
TZ 
Z2x2 
f 
dz [f (X. 
1. 
Z) 21 dx 
so that Üu m11 Z2x2 
dz 
jf 
(xtz)dx 
Z1x1 
I- 
where z ot z2nb, x, mrýa //l 
ýz 
z 
r+a 1--T and x2z7 b 
Integration yields the following expression for the velocity 
u, measured by the probe centred at distance r from the pipe 
centreline: 
2 '2 4422 2 2ý R22+r2 2) +a +b +a b (R -r. T(a +b 2 (3a +b -T -T 12 um- - 
2 IR 2r2_(. a) 
2_ 
(12) 
21 
22 
If the actual local velocity at the centre of the probe 
2 
volume is uU (1 - r; 
fi2 ),, then rm 
ur Ur -ur2 
umum um U ra 
Referring to figure 3.4, the probe dimensions in the z- 
direction are small and if neglectedan approximate but 
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simpler expression can be obtainedl so by put: ting ba0, 
i. e. evaluating G along the major axis of the elliptical 
cross section of the probe vol=e one obtains the following 
2-dimensional solution: 
2ý 22 (2 
(3.13) 
umr2 a/2 2 
R, R 
This last expression compares with equation (3-4) of 
reference 1131. 
The following observations are made about equaýion (3-13): 
At the centre line# -K n 0, R 
12 (212) 
2 
rumY-RI 
(a/2) 
R 
Dr -B 
Since a4 Re u is always positive at that 
m 
position. Hence the average velocity at the centre 
line measured by the LDA is less than the actual one. 
At the pipe wall# I=1, R 
('a 71 -U h)2 r = -4 + UM. 
11 
2R 
This implies that the measured velocity at the wall 
is higher than the actual velocity. 
(iii) When r 0, i. e. no bias, then Um 
t /70.2 0.1 
V 
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Since a dI Rt this gives zero bias approximately 
halfway between the contreline and the pipe wall. 
Thus it is concluded that the measured local mean 
velocities are too high near the wall# with no bias midway 
along the radius and too low around the pipe axis. 
Experiments carried out in laminar water flow were in 
agreement with these results. 
There are some factors which tend to minimise velocity 
gradient bias: 
(i) A small probe volume reduces the distribution of 
velocities about the true mean Ur 1151. For a small 
probe length (x 1ýx 3)# a linear velocity profile 
across it can be assumed. Equation (3.11) will fully 
correct linear profiles in the case of laminar flow. 
The Gaussian distribution of the light intensity in 
the probe volume favours signals from crossings near 
its centre. Thus by setting a high threshold level 
in the frequency meter, only particles crossing near 
the centrer X21 will be recorded. This effectively 
reduces the size of the probe volume. 
Hence it can be concluded that type (b) bias is not as 
important as the sampling bias type (a) and (c) and can be 
kept to a minimum by proper Optimization of the optics. 
lis 
0 
(a) Corrections used 
In this work the uncorrected and corrected values of mean 
velocity, RMS and turbulence intensity were calculated as 
follows: 
(1) Uncorrected valueg 
Ui ni 
ni 
aZ (u 2n 1/2 
R14S . 
4#2 
. 
Turbulence intensity m 
RMS 
x loot. U 
(2) Corrected values 
Here nic k I UJL 
u 
ni I ui 
UcnI 
i luil 
. T% 2n (u u 
RMS nc 
luil 
LI luil 
Turbulence intensity = 
RMS x 100% uc 
The above corrections. are idential to the ones proposed by 
McLaughlin and Tiederman [201, although the author arrived 
at them by an intuitive approach. 
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The basic reasons for using these types of corrections, 
instead of more sophisticated ones, e. g. those proposed by 
Hoesel and Rodi 118. )# which take into account the 
dependence of the measured velocity component on residence 
time of the scatterers in the probe volume are: 
(i) The level of turbulence encountered in the majority 
of experiments was moderate and no large scale 
fluctuations or flow reversals were expected, in 
which case McLaughlin and Tiederman's corrections 
should be sufficient (181. 
(ii) The McLaughlin and Tiederman correction offers 
simplicity and does not require the measurement of 
residence time# which# being different from the 
measurement timep would require additional 
electronic circuitry. 
In laminar flows or flows with low turbulence levels, when 
the particle velocity vectors deviate little from the mean 
flow direction# the measurement time is approximately-a 
constant proportion of the residence time. In such case 
the correction proposed by Hoesel and Rodi 1181, 
mZ Ar i 
Ari ni 
where AT i denotes the residence time, can be rewritten as 
ui ni k A-rmi 
ni k' a -rml. 
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Duni ATmi 
or u Mr 
0. ni aTmi 
where the measurement time &Tmip in equal to the number of 
measurement 
lui7ycles 
N# divided by the signal frequency fit 
and f1 -6 t where 6 is the fringe spacing. 
Na 
Hence Alm, 
I U1.1 
N8 
nuiI ýUil 
and Na 
luil 
Znu 
or 
n i juil 
which is identical to equation (3.12). It has thus been 
de nstrated that at low turbulence intensities the 
corrections used in this work compare with the residence 
time correction proposed by Hoesel and Rodi. 
3.3.3 Effects of noise 
one of the main problems in signal processing is the 
elimination of noise which is always present in electronic 
signals. Such noise in the signals results from three main 
sources 
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The light scattering process and the resulting 
optical signal. 
Cii) The signal detection process and the conversion of 
the optical signal to an electronic signal. 
The processing of the electronic signal. 
High noise levels can cause a time shift in the zero 
crossings of thd Doppler signal and the noise peaks may 
lead to additional zero crossings [24). Since the measured 
frequency is proportional to the number of zero crossings 
when counters are used, large errors can be introduced 
into the measurement. Advanced frequency counters have 
detection circuits which minimize such possibilities (see 
chapter 4). 
There are several factors which can lead to an increase in 
the noise levels and a deterioration of the signalt i. e. a 
decrease in the signal to noise ratio. Signal to noise 
ratio is a function of such factors 1251 as: 
(i) Available laser power. 
Efficiency of the optical system employed. Noise in 
the optical signals can. be minimised by optimising 
the: design of the electrical components. 
Differences in the intensities of the beams can also 
lead to a decrease in the signal to noise ratio [261. 
(iii) Availability of suitable scattering particles of 
high scattering efficiency. 
Uv) Selection of suitable photodetectors. 
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Particle velocity and proper matching of particle 
size and fringe spacingp requirements which are often 
not possible to satisfy. 
(vi) Mechanical vibrations may also result in deterioration 
of the signal quality. 
An important consideration when setting up a LDA system is 
filtering of the electronic signals. High pass filters are 
used to remove the pedestal of the signal and low frequency 
noise; low pass filters are necessary in order to remove as 
much high frequency noise as possible. Improper setting 
of the filters can result in truncation and distortion of 
the Doppler signals (271 or not complete removal of low 
frequency and high frequency components, thus causing a 
broadening of the signal frequency spectrum. 
Even after filtering there is always some noise left 
superimposed on the Doppler signals [I]. This noise has 
two components: 
(i) Background noiser which is statistically independent 
of the signal and is produced by photodetector shot 
noise and thermal noise in the electronic components. 
(ii) Pedestal shot noise which is uncorrelated with the 
signal although it is associated with the time 
dependent currents flowing when a particle is in the 
scattering volume. 
one way to minimise errors in the measurements due to back- 
ground noise is to process only signals of high amplitude, 
120 
-I. e. to act the threshold voltage of the frequency motor 
high. This results in a reduction in the data rate and 
exclusion of signals with small a. c. amplitude, which, in 
gas-solid suspension flows may be a hindrance to the 
attempts to separate the velocities of the two phases 
(see chapter 5). 
Although noise superimposed on the Doppler signal can be 
minimised by suitable filtering, this is best achieved in 
practice if the velocity fluctuations are small and the i 
signal frequency spectrum is narrow, in which case a 
narrow filter band will cope with most of the noise. In 
cases where the velocity fluctuations are high or when 
different velocity fields exist between different phases 
(e. g. bimodal distribution), then filtering becomes more 
difficult and a compromise has to be found. To overcome 
such difficulties, Durst 1281 employed an automatic filter- 
bank consisting of a number of filter bands which covered 
the whole range of frequencies likely to be encountered. A 
logic circuit selected the optimum pass band for every 
individual signal burst, thus ensuring good separation of 
noise and signal, even in signals with low signal to noise 
ratio. 
0 
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3.4 COLLECTING OPTICS GEOMETRY 
Tho geometry of the collecting optics dotormines the 
effective dimensions of the probe volume from which 
scattered light is collected by the photomultiplier. When 
forward paraxial light collection, as in this work# is 
used, the depth of field of view# i. e. the length of the 
probe volume is determined by the collecting lens f number. 
The transverse size of the probe is determined by the 
pinhole diameter# dP 1291. 
Referring to figure 3.5. a pinhole of diameter dpw 4R 8 
(V/a) 
where u and v denote the object and image distances of 
the collecting lens# would only let through light collected 
from the probe volume of radius R. Thus the radius of the 
pinhole reduces the effective size of the probe volume by 
masking off light scattered by a particle outside radius R 
incident collecting tens beams 
pinhole TL 
war-, 
ft-V - 
Figure 3.5 Collecting optics geometry 
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The affects of the collecting optics f number arc discussed 
in detail in chapter 5, where the conflicting requirements 
of small collecting aperture for limiting noise and of 
large aperture for dependence of signal visibility on 
particle size$ are investigated. 
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-CHAPTER-4 
EXPERIMENTAL EQUIPMENT 
128 
4.1 INTRODUCTION 
The main laser Doppler anemometer system used in this work 
was a counter based dual beam arrangementooperating in the 
paraxial forward scatter mode. Althougha n=ber of 
integrated laser Doppler anemometers are commercially 
available, the systems used in this work were designed and 
assembled from various components not specifically 
intended for this purpose. This offered the advantage of 
flexibility in the optimization of the laser optics and 
also had the added benefit of low cost, withe it is 
believedj, as-good a performance as that of more sophisticated 
equipment. 
Besides the main two lens system, other single and multiple 
lens dual beam arrangements were used in the course of 
optimization of the laser anemometer. Also non paraxial 
and backscatter modes were tried. 
A large number of various electronic and other instruments 
were used and several types of flow rigs were designed to 
meet the particular requirements of these studies. 
Figure 4.1 gives a general view of the optical system and 
the associated instrumentation used in the investigation of 
two phase flows. Digital data storage methods using a 
microprocessor based system were developed and online 
data processing was considered indispensable due to the 
very high data acquisition rates. The data were finally 
stored on floppy discs for further analysis if necessary. 
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toe, 
'NL 
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The results were normally displayed on a V. D. U. and hard 
copies obtained from a teletype if required. 
4.2 LDA COMPONENTS 
4.2.1 The laser 
The laser used was a Spectra Physicst model 120, helium- 
neon laser, operating in the TEMOO mode# with a 1.1 mrad 
1 beam divergence and a -z beam diameter of 0.8 mm at the 
e 
exit from the resonator. 
Figure 4.2 shows a schematic of the laser 
_-I. 4 
zx 
Figure 4.2 Laser parameters 
The size and location of the minimum beam diameter (the 
waist) in the resonator were not included in the 
manufacturer's specification. They were estimated as 
follows: 
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The beam waist radius in the resonator, w0, is given by - 
equation (2.111 as 
w- 0 it 
where 2ý m 1.1 mrad and Xa0.6328 Um. 
Thus wo m 366 um. 
Equation (2.9) was used to estimate the distance of the 
waist from the exitt giving 
w1 -a wo 
2m(Z -w 1x) 
0 
After substituting the values wz=0.4 = and wo w 0.366 = 
it was found that za 293 =. 
The distance x was estimated to be 32 mme thus giving an 
overall distance of 325 = between the beam waist in the 
resonator and the front aperture in the casing. 
The above values were verified by calculating w0 and z 
using the radius of curvature of the concave exit mirror. 
Those laser parameters were subsequently used in all 
calculations involving the parameters of the focused beam. 
4.2.2 Photomultiplier and collecting optics 
An E. M. I., 51 mm photomultiplier tube* model 9658 B was 
mainly used. Some use was also made of a 30 = tube, 
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modol 9698 OB. Due to 
frequencies involved# 
dynode was arranged as 
excellent results (1). 
in ametal casing and a 
to form the collecting 
the relatively high signal 
the dividar network for the 9658 D 
for fast pulse applications with 
The photomultiplier was enclosed 
DISA telescope was attached to it 
optics. 
The telescope haa a. 105 mm focal length objective lens, an 
adjustable iris diaphragm and a pinhole holder whose 
position could be adjusted'along two axes, A number of 
additional lenses of various focal lengths could be 
attached to the telescope objective to alter the 
magnification. The importance of the collecting optics 
geometry, in relation to the Doppler signal characteristics 
is discussed in chapter S. 
As shown in figure 4.3 the distance between the objective 
and the pinhole was 105 mm. Table 4.1 shows a number of 
f number values for various magnifications and aperture 
openings, where 
u f number aH 
(see chapter 5). The focal lengths of the lens 
combinations were evaluated using the thin lens formula [21 
. 
1,. 1+1 
f fl f2 
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diaphragm pinhole 
obiective 
m- 
I- I photomultiplier 
(105 =) 
Figure 4.3 Collecting optics parameters 
Aperture 
c 
ýumberz 
,:,, 
ber, 
Callectin 
rýa 
ý-C-tjtL lenses 
4 S. 6 a 11 16 22 32 
f 
(=) 
u 
(mm) 
OB qw so ft los as 
OB +3 12.8 17.9 25.6 35.2 51.2 70.4 102.4 80 336 
OB +4 9.6 13.4 19.1 26.3 38.2 S2.6 76.5 74 2S1 
CS +5 7.6 10.7 15.3 21.1 30.6 42.1 61.3 69 201 
ca +3+4 5.3 7. S 10.7 14.7 21.3 29.3 42.7 60 140 
oB +3+5 4.8 6.7 9. S 13.1 19.0 26.2 38.1 57 12S 
OB +4+5 4.2 
1 
5.9 8.5 11.6 16.9 23.3 33.8 S4 111 
OB +3+4+5 3.1 4.4 6.2 8.6 12.5 17.2 25. C 46 82 
OB +-3 +4 +4 +S 
II 
2.4 
- 
3.3 
. 
4.7 I 6. S I 9.4 I 13.0 I 18.9 II 39 I 
Table 4.1 Values of f no for telescope. OB = objective; fa focal 
lengthl lenses are nu=bered 3.4 and So nu=bers indicate lens power 
f 
(.! )I f no - u/( 
on 
f aperture ; -o 
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4.2.3 The radial diffraction crating 
Two bleached type radial diffraction gratings ware unade 
one with 18600 lines and the other with 36000 lines. The 
former was used during optimization of the optics whereas 
the latter was mainly used during investigations of two 
phase flows. The diffraction grating disc was mounted on 
the spindle of a variable speed motor controlled by a 
Omotomatic' speed control, model E-550-m. The maximum 
speed of the motor was 5000 rpm. The 36000 line grating 
gave a shift frequency of 1.2 mHz/looo rpm. 
When assembling the optics it was found convenient to 
place the diffraction grating at a small angle to the 
incident beam so that the reflected zero order beam did 
not reenter the laser# as this could affect the coherence 
and polarization of the main beam-131. It was also 
observed that if this was allowed to happen. reflections 
from the laser mirror produced faint beam spots in the 
vicinity of the crossover region with undesirable effects. 
4.2.4 other components 
During the various stages of the work a large number of 
optical components and accessories were used such as: 
Triangular optical benches, carriers with adjustments in 
two directionsý, lens holders, iris diaphragms, angular 
displacement units-etc. 
number of glass lenses of various apertures and focal 
13S 
lengths, mirrors and prisms were also used as required. 
4.3 TRAVERSING MECHANISM 
The laser Doppler anemometer was designed with the ultimate 
objective of being used in pipe flows; therefore a suitable 
traversing mechanism had to be designed. so that velocity 
profiles could be obtained. 
Various methods for traversing have been used in the paotl 
such as moving the focusing lenst moving the flow pipe, 
or moving the whole optical system. The first method was 
excluded, since movement of the focusing lens alone alters 
the position of the beam waist relative to the beam, cross- 
over. The latter two methods preserve the beam geometry 
and require no readjustment of the collecting optics. 
It was decided to adopt the third method, as being simpler 
to realise in practice than the second one. The components 
of the laser anemometer were arranged on a2m, long optical 
bench, which was carried on two translation stages with 
micrometric movement. The micrometer provided a 65 mm, 
traverse in one direction and was graduated in -1 mm 100 
intervals. In this manner the optical systeml once 
arranged,, was left undisturbed, thus securing constancy of 
probe volume parameters. 
Figure 4.4 shows the optical set up operating in the 
forward scatter mode. In order to accommodate the flow 
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pipe* the components on the optical bench were offset by 
suitable modification of the carriers. 
4.4 TWO LENS DUAL BEAM SYSTEM 
A dual beam laser anemometer sy& 
arrangement discussed in chapter 
operating in the forward scatter 
system are shown in figure 4.5. 
coincidence of beam intersection 
tem based on the two lens 
2 was mainly used, 
mode. Details of that 
That arrangement achieved 
and beam waist. 
f low 
P/M T/S grating laser 
W. own 
E3" 
-%"'- 
I 
vuhs. 
Figure 4.5 Two lens dual beam anemometer. S1= 64.2 cm, 
h= 15.3 cm, u= 20.5 =1 f 20 cm, f5 cm, v v 7.3=. 
The angle between the beams was calculated by measuring the 
beam spacing at a known distance away from the crossover and. 
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and was found to be 9.08? This# using equation (2.5). 
gave a fringe spacing 6a2 Um. The beam waist diameters 
at the crossover were measured using the power ratio 
method (see chapter 2) and were found to be approximately 
equal to 80 um, which, using equation (2.16), gave ý: he 
following probe volume dimensions: 
Az w 510 um 
Ay m 81 um . 
Hence the number of fringes was approximately 40. 
Figures 4.6 and 4.7 show the above system as used both in 
forward and back scatter modes. The back scatter mode 
was only used when investigating the signal characteristics 
in the development of discrimination techniques (see 
chapter 5). 
one of the main experimental difficulties encountered was 
the measurement of velocities in the near wall region, due 
to reflections from the walls of the glass piper which led 
to excessive noise in the signals. As a wide collecting 
aperture had to be used in order to maintain dependance of 
signal parameters on particle size (see chapter 5), d 
different system was tried. In this system, which was 
similar to that reported by Koniuta, Dudermel and Adler [4), 
the beams were made to cross at a point by using two high 
quality mirrors and were each focused by a small aperture 
139 
Figure 4.6 Combined forward and backscatter modes 
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Figurql 4.6 Combin*d 
forward and backscatter mod*s 
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lens. The resulting wide beam angle reduced the effects of 
reflected light and allowed measurements near the pipe 
wall to be made. The drawback was that the number of high 
visibility signals# resulting from small scattererst 
decreased significantly. This was attributed to the very 
small fringe spacing (d a1 um)t approaching the wave- 
length X, in which case the conditions I<D<8 (see 
chapter 5), where D is the scatterer diameter# were not 
satisfied. 
place of a focusing lens; dimensions in cm. 
In view of the above, the two lens system was used in all 
measurements and the minimum distance from the pipe wall 
was kept to about 1 mm, 
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Figure 4.8 Illustrating the use of mirrors, and lenses in 
4.5 FLOW RIGS 
A number of different flow rigs were designed and 
constructed during the course of this work. Descriptions, 
diagrams and a brief account of their role and usefulness 
follow. 
4.5.1 Water flow rig 
A water flow rig was designed to test different laser 
anemometer configurations and gain practical experience in 
aligning the optics. Figure 4.9 is a schematic of this 
flow rig. A centrifugal pump supplied a header tank in 
which the water level was kept constant by means of an 
overflow pipe. The flow pipe of 20 bore was horizontal; 
the working section was made of glass pipe of the same 
inside diameter. Dye injection into the flow was possible 
by means of a hypodermic needle in order to visually 
observe the flow. The flow was regulated by a gate valve 
downstream of the working section. The flowrate was 
evaluated by weighing a quantity of water over a measured 
time period. 
4.5.2 Recirculating powder rig 
The recirculating powder rig consisted of a vertical glass 
pipe connected via flexible rubber tubing to a blower. This 
constituted a closed system in which a fixed quantity of 
solids could be circulated with air. The blowers used were 
an axial fan-driven by an a. c. motor, whose speed could be 
altered via a Ivariacle and a centrifugal fan driven by a 
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d. c. motor with feedback for speed control. This rig was 
used for circulating mainly alumina, sand and smoko, for 
studying the signal dependenca onparticle size. 
The drawbacks of this system weret 
(i) unknown solids flowrate 
(ii) breaking up of solids due to impact on the fan blades. 
4.5.3 Large-scale powder rLU 
A diagram of the large scale powder rig is shown in 
figure 4.10. It was basically the same as the flow rig 
used previously for heat transfer measurements 151, with 
some minor modifications. Air was supplied by a Roots 
blower and the solids were fed into a mixing chamber by a 
screw-feeder driven by a variable speed motor. The flow 
pipe was a vertical glass tube. Separation of air and 
solids was achieved by a cyclone. backed by bag filters. 
The powder then dropped under gravity to the supply 
hopper via two double sleeve pinch valves which were 
operated manually. 
The flow pipe used initially was a51= bore, 3m long 
pyrex glass tube. As this required that the optics were 
mounted on a platform at an inconvenient height from the 
ground. in order to achieve fully developed flow, the pipe 
was changed to a smaller bore one. The drawbacks of this 
rig were the need for a large quantity of solids in the 
supply hopper and instability of the flow due to the large 
capacity of the blower and the small bore flow pipe. 
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flow 
pipe 
Figure 4.10 Schematic of the large scale flow rig 
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4.5.4 Open typeflow rig 
This flow rig was constructed in order to be able to 
circulate small quantities of solids of wall defined size 
distribution without breaking up and with prociso 
metering of the air and solids flowrates. An soon in 
figure 4.11 the flow rig consisted of an a. c. blower, 
whose speed was controlled by a Ivariaclo a vertical 
glass flowpipet a cyclone separator, a solids food and 
metering system and a smoke injection facility. 
This rig was used during all the experiments involving 
velocity measurements in gas solid suspension flows. 
The solids flowrate was varied by using different size 
feed tips, which were calibrated for all the materials 
used (see appendix 2). 
The solids feed device consisted of a venturi which 
created a slight pressure drop and allowed the solids to 
fall under gravity and mix with the air stream. Air and 
solids were separated by the cyclone and the-solids fell 
freely into the reservoir above the metering orifice. 
Smoke was produced by a T. E. H. smoke generator by 
vaporisation of silicon oil although for small amounts of 
dry smokej, tobacco and paper were burnt. The smoke was 
introduced into the flow by means of a pressure drop 
created by a venturi, situated upstream of the orifice 
plate. 
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smok, 
inie- 
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--. a» 000 
Figure 4.11 Open type flow rigi 25.8 = bore pipet A- 54 diameters# 
6 diameters, 22 = bore pipet A- 63 diameters, B-7 diameters 
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120 dia 135 dLa 
The orifice plate, designed to B. S. 1042 was used to 
determine tho air flowrate. Tho prossure drop across tho 
orifice was measured using an electronic micromanometer. 
For calibration of the orifice plate sco appendix 1. 
The temperatures at the orifice and at the working 
section were recorded by means of thermocouples attached 
to the pipe walls. 
4.6 SOLIDS USED 
(a) White bauxilite abrasive 
(white fused al=ina), #, 
supplied by Universal Abrasives Ltd. 
Size designation Mean size (Um) 
r 230/53 53 
F 240/45 44.5 
F 500/13 12.8 
F 800/7 6.5 
Specific gravity = 3.94. 
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(b) Ballotini solid glass balls, 
supplied by Jankons (Scientific) Ltd. 
Grade number Approximate size (, Wm) 
18 45- 70 
13 90-135 
10 210-325 
8 440-530 
5 675-935 
Material: lead glass 
Specific gravity: 2.95 
Titani= oxide 
supplied by T. S. I. and BDH Ltd. 
Size is 0.2 Um. 
Silicon carbide 
supplied by T. S. I. 
size = 1.5 um 
(e) Tobacco 
supplied by Mollins Ltd. 
Sizes: < 250 um 
250-425 pm 
425-600 pm 
600 um-1.8 mm 
1.8-2.0 
> 2.0 = 
iso 
Brown fused alumina (Brown Bauxilitc),, 
supplied by Universal Abrasivas Ltd. 
Size a 300-430 pm 
Specific gravity: 3.94 
Sand 
Size a 150-360 Um 
Specific gravity: 2.60 
4.7 THE FREQUENCY-METER 
The Doppler frequency meter used in this investigation was 
the final version of a series of instruments designed by 
C. A. Hobson [61,, although in the initial stages of the work 
some earlier prototypes were used. 
4.7.1 Principles of operation 
The signal from the photomultiplier is high-pass filtered 
to remove the pedestal compoment and amplified. The 
resulting a. c. component of the signal (see figure 2.13) is 
fed into the frequency meter. This input voltage 'burst', 
which is effectively a sine wave with gaussian modulationt 
increases from a minimum value to reach a peak amplitude and 
then decays to the minimum value again. This minimum value 
is the noise level between bursts. 
%'hen the amplitude of the input %? Oltage exceeds the preset 
threshold voltage VTl# the envelope goes to logic jr see 
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figure 4.12. The measurement starts on thafirst zero 
crossing after the input voltage exceeds the preset 
threshold voltage# i. e. after the envelope goes to logic 1. 
A counter is used to count the time for a predetermined 
number of cycles Nt of the filtered Doppler signalf when 
the envelope is present. The envelope goes to level 0 at 
the first zero crossing after the stop voltagat which is 
equal to 
2 VT, t has not been crossed. The O/P results 3 
pulse indicates that a measurement over the preset number 
of cycles, N, has been Completed. 
The number of measurement cycles# N, could be set to the 
values 2.4# Be 16# 32 and 64. In figure 4.13 the 'cycle 
count' waveform indicates a measurement over 8 cycles. 
The period voltage is converted to frequency. At the end 
of each measurement the period is converted to an analogue 
voltage by a digital to analogue converter and it can be 
displayed on an oscilloscope screen if required. 
4.7.2 Accuracy 
The frequency counter is subjected to certain errors, such 
as period quantisation errorstarising during the calculation 
of the signal period and frequency quantisation errors 
arising from calculations of the frequency from the signal 
period. Figure 4.13 shows these instrument errors as a 
function of the full scale output. As it is seen, the 
quantisation errors are at a minimum near the middle of the 
range. 
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Figure 4.12 Frequency meter operation 
1.2 
U tot a[ 
0.4 
Perc e nta 9e fr-e jencL_, 
error 0 
-0.4 
-0,9 
pe iod 
tota 
-1.2 ------- 
00 
OfOj4l, sca? 
-, 6, 
Dutpu?. 
o 
Propoýiion ue 
incorrect 
sequence 
rigure 4.13 Maximum possible errors due to period and 
frequency quantisation 
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Errors in the measurement of frequency can also arise duo 
to the presence of noise in the signals. Lowering of the 
threshold voltage VT, can produce measurements with wider 
distribution# as this allows measurements from signals with 
low signal/noise to be taken. 
In order to reduce the various errors# sequence detection 
and 
N4: N comparison are employed. 
When N*tN comparison is used, the period of N cycles is 
calculated and compared with the period of the first 
Ný 
cycles. If the two measurements differ by more than a 
specified amount, the measurement is rejected. 
Sequencing ensures rejection of those signals in which 
additional zero crossings occur due to noise superimposed 
on the Doppler signal. Figure 5.12 shows the principle 
of operation of the sequence detection circuit. For a 
signal to be acceptedt 
VT1A 
must be crossed in 
V'' 
3" 0 and - 
sequence. If this is not the case the measurement is 
truncated. 
4.7.3 instrument capabilities 
A sln=ary of the main features of the frequency meter is 
given below: 
(i) Analogue -and digital frequency outputs. 
(ii) Measurement of. frequencies up to 10 MHz when 
measuring over 8 cycles. 
(iii) Truncation of measurements not completed in one 
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Doppler burst. This is a very useful featurat an 
difforont signal bursts can havo difforont 
frequencies (e. g. turbulant flow). 
Uv) one measurement only from each burst. This is 
important in the calculation of fluid flow 
statistics. This facility is not nocessary in 
measurements of velocities of solids and can be 
cancelled. 
(v) Data validation which includes sequence detection 
and 
Ni: N comparison for minimisation of measurement 
errors. 
(vi) The measurement rangest number of measurement 
cycles and the corresponding maximum frequencies 
that can be measured are shown in table 4.2. 
Fu IIscaIeou tau tI 
no ot les r- Les 
R; 
*3, *tn*gg'e` 2 4* a. 16 32 64 
0 1.2S kHz -2. S kHz 5 kHz 10 kHz 20 kHz 40 kHz 
1 2. S s -10 
20 40 so 
2 7.5 2S 50 100 200 400 
3 15 50 100 200 400 Boo 
4 75 250 500 1 MHz 2 MHz 4 MHz 
5 150 Soo 1 m9z 2 *4 
6 
1750 
2.5 MHz 5 10 20 
7 
11.5 
MHz 
15 
10 20 
Table 4.2 Full scale deflection as a function of range 
and number of cycles 
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4.8 DATA RECORDING AND PROCESSING SYSTEM 
Figure 4.14 shows the basic principles of the data 
recording and processing system. The amplified photo- 
detector output was passed through two different filters 
to produce pedestal and Doppler components. The pedestal 
was then fed into a discrimination circuit (see 5.2) 
where it was compared with a d. c. level set by a 
potentiometer. The result of the comparison formed an 
enable input to an interface circuit# which was used to 
enter the Doppler frequency motor output into the memory 
of a microcomputer using direct memory access (d. m. a. ). 
The rate of data arrival depended on the overall 
experimental conditions. At the end of a measurement 
sequence, which occurred when 255 measurements of the same 
frequency were recorded, the results were available for 
processing and were transferred to an Apple computert 
via an RS232 link. By operating a manual switch# the 
results could be stored in the microcomputer for as long 
as desired. After the results were transferred, the 
microcomputer was reset automatically and the system was 
ready to restart immediately. The 'Apple' computer was 
programmed in 'Basic' to receive the results, store them 
on disc and perform various calculations as well as 
display them in histogram form. 
A flow diagram and listing of the 'Apple' data processing 
progra=e are shown in Appendix AS. 
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4.9 LTST OF OTHER TNSTRUMENTS 
Storage Oscilloscope Toctronixt model 7633. 
OsCilloscopet S. E. Labs. 
Quarndon QMS system with 8080 microprocageor 
Wide band amplifiers# Hewlett Packard, model 461 A 
Electronic micromanometerp rurness Controls Ltd. 
Photomultiplier power supplyt Budenburgp modal 475 R 
Teletype, Peripheral Hardware, model 43 
Stabilised power suppliest Farnell Instrumentst model 
E30/2 
Laser power monitor# Scientifica and Cook Electronics 
Smoke generator# T. E. M. Engineeringt type FVSP 204 
Timer counter# S. E. 0 model Sm 200 Mk 21 with remote gate 
triggering 
Low noise amplifier# Variable band amplifier# AIM 
Electronics Ltd. 
High frequency signal generatort Advance Electronics Ltd. 
Electronic filters, for design see appendix 4 
Hicroc=putert ITT 202o, 48 k RAM with monitort twin disc 
drives# RS232 serial interface 
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Hicrocomputerf APPLE ill 48 k RAM# with monitor# two 
disc drives, RS232 serial interfacot language card. 
IS9 
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CHAPTER S 
DEVELOPHENT OF DISCRIMINATION TECHNIQUES 
161 
0 
5.1 INTRODUCTMN 
one of the main problems encountered in the study of two 
phase flows, using LDA, is distinguishing between signals 
from the fluid and the solid phases, The object of this 
investigation was to develop a method which would solve 
the above problem. This could lead to a better understand- 
ing of two phase flows# for which insufficient experimental 
data existr due mainly to the lack of suitable measurement 
methods. 
'Discrimination' was based on the dependence of signal 
visibility and of absolute signal amplitude on particle 
size (see section 5-2). This method# which is not a 
particle sizing technique, utilized the marked differencep 
which exists between two distinct regions-of the scattering 
visibility. One region corresponds to the 'small' 
scattererst whose diameter is smaller than the fringe 
spacing and the other corresponds to scatterers whose 
diameter is greater than the fringe spacing. Doppler signals 
representing the fluid phase are those obtained from micron 
sized scatterers, which follow the flow, without appreciable 
slip. 
The fringe spacing obtained from the LDA apparatus used in 
this investigation was approximately 2 um. Therefore it 
was assumed that all scatterers satisfying the condition 
(particle diameter) < (fringe spacing) would have the fluid 
velocities everywhere in the flow. 
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5.2 LDA SIGNAL CHARACTERISTrCS 
S. 2.1 Signal visibiliýj 
a 
The two basic components of the signal from a laser Doppler 
anemometer are the low frequency component or pedestal, 
(d. c. ) and the high frequency Doppler component, (a. c. ). 
Typical such signals obtained from a photomultiplier were 
shown in figures 2.12 and 2.13. The amplitude of the 
pedestal and Doppler components depends on the size of the 
scatterer, the fringe spacing, the refractive index of the 
scatterer material and the collecting optics geometry 1112# 
31. 
The ratio of the a. c. amplitude to the d. c. amplitude is 
called the scattering visibility V scat or modulation 
depth 
[4t5t6J. Thus-with reference to figure 5.1, 
V 32 max 
-I min, . 
"'max -I Tnin 
) 
sca max +I min min + "'max- I min)' 
a. c. amplitude 
d. c. amplitude 
where max 
is the scattered intensity when the scatterer is 
centred on a bright fringe and I min 
is the scattered 
intensity when the scatterer is centred on a dark fringe. 
in a study of signal visibility, using Mie scattering 
theory, Farmer 151 showed that the signal visibility is a 
unique function of particle shape and depends upon the ratio 
of the particle size to the fringe spacing. In a later 
paper, Robinson and Chu Ill using scalar diffraction theory, 
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d. c 
a-c 
Win I 
max 
Figure 5.1 Doppler signal parameters 
showed that this dependence of signal visibility on the 
size parameter 
D/6ris true only for an axis forward 
light collection and with a wide collecting optics 
aperture, for X<D< 6jwhere D denotes partirle diameter 
and 6 is the fringe spacing. Figure 5.2 shows the - 
dependence of visibility upon particle size for spherical 
and cylindrical particles as presented by Farmer (5), where 
for a cylinder of length D, 
D/; Is) 
sca 
(cylinder) . sin(w 
( 7r 
)/S) 
and for a sphere of diameter D, 
v 
sca 
(sphere) 
23 1 (. a 
D/6) 
(Ir "N 
where J1 (n 
D/6) is a first order Bessel function of the 
first kind. 
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Figure 5.2 Theoretical visibility vs size parameter 
Similar results were presented in reference 11) for a 
spherical and a square section scatterer. 
The dependence of the signal visibility on the size of the 
collecting optics aperture is explained as follows: 
According to diffraction theorymost of the energy 
scattered from a particle is contained within the first 
forward lobe of the diffraction pattern [1,71 this lobe 
subtends an angle approximately equal to 2X/Das shown in 
figure 5.3. 
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21 
D 
A=26+21/D 
Figure 5.3 Light scattering by a particle in the beam 
cross over region 
In the case of an infinite collecting aperture both main 
diffraction lobes are collected and thus the scattered 
visibility depends on the interference between those two 
lobes; this interference is in turn a function of the ratio 
D/S [1,41. Referring to figure 5.31 the angle containing 
both main forward diffraction lobes is given by 
ct 
1 2x 
. 
!x(, 
ß «3 --2T 
where the fringe spacing is 6a1 and 0 is the half-angle 28 
between the two incident beam A collecting aperture of 
diameter 2L will collect both main lobes if 
012 4 ý12, see 
figure 5.4. 
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cottecting 
aperture 
2L 
Figure 5.4 Collecting optics parameters 
Since -C a 
!!, then a<L 2uu 
if the collecting aperture: e nois defined as UýiLr where u 
is the object distancet then 
f number u 2L _D 2X(I +D -23 
it was shown by Robinson and Chu that the above requirement 
was met for values of fho. of 4 or less. They also showed 
that for a small aperturefthe scattering visibility tends 
to unity regardless of particle size (8]. 
The validity of the above argument was confirmed by 
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Robinson and Chu in a later investigation (2) of light 
scattering based on Mie theory, lin which a strong 
dependence of visibility on refractive index was shown to 
exist. 
it has thus been estblished that when all the forward 
scattered light is collected, small particles (D < 8),, 
produce signals of high visibility and larger particles 
produce signals with low visibility. Experiments have 
also shown that signals from small scatterers have a small 
d. c. signal component whereas large particles produce 
signals of large pedestal. An experimental investigation 
of the above signal characteristics now follows. 
5.2.2 Experimental invegtigation of LDA signal 
characteristics 
(a) Using an oscilloscope 
The object of this experimental investigation was to verify 
that small particles,, (D < 8), t produce signals of high 
visibility and of low pedestal amplitude and that large 
particles, (D > 6). * produce signals of large pedestal 
amplitude but with low visibility. 
The optical arrangement used was a two lens system with 
forward light collection as shown in figure 4.5 
A very large number of signals from known particle sizes 
were observed using an oscilloscope and photographs of 
representative signals were taken. The solids used were of 
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various sizes and by varying the size of the scatterer, 
relationships were established between particle size and 
signal characteristics. Whenever difficulty arose in 
determining the size of the scattererst more indirect 
methods, such as observing the average signal character- 
istics from a class of particles, were empLoyad. Among 
the materials used for that purpose were tobacco smoke# 
silicon oil smoke# silicon carbide powder (1.5 Um diameter) 
natural dustr glass ballotini of various sizes up to 1 mm 
diameter# sandt tobacco flakes etc. 
It was not always possible to make the collecting optics 
aperture as large as it was desiredt due mainly to the 
need to cut out reflections from the pipe walls. The 
resulting dependence of signal characteristics on aperture 
size was not thought to be as critical in this type ob 
worklas it might have been if particle sizing was under- 
taken. 
The experiments can be divided into two broad categories: 
(i) observation of overall signal amplitude from 
photomultiplier# 
(ii) observation of the relative magnitudes of the a. c. 
(high pass filtered) component and of the d. c. (low 
pass filtered) component# as well as of the - 
unfiltered photomultiplier signal. 
In case U), signals from the photomultiplier were observed 
on an oscilloscope screen. In case (ii) the trigger 
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facility of the Oscilloscope was utilised in order to 
correlate the d. c. and a. c. amplitudes. The trigger was 
set alternately on either input and the signals were 
observed using a two-channel display. 
A number of representative signals are shown in figures 
5.5 to 5.14. Figures 5.5 to 5.8 show photomultiplier 
signals obtained from scatterers, of various sizes. Figures 
5.9 to 5.14 show simultaneous traces of the photomultiplier 
signals - upper trace - and high pass filtered signals - 
lower trace, in chop mode. 
it is seen from figures 5.5 to 5.12 that small particles 
produce high visibility, low amplitude signalst whereas 
large particles produce signals with large pedestal 
amplitude but with low visibility. Figures 5.13 and 5.14 
clearly show that a large a. c. amplitude is associated 
with a low pedestal amplitude# high visibility signal, and 
high pedestal amplitude signals are invariably associated 
with a low amplitude a. c. component. 
These results are a representative sample of a very large 
number of observations. 
(b) Using velocity histograms 
The dependence of the signal arrival rate on the number of 
scatterers present in the flow and on the geometry of the 
collecting optics (fnoand pinhole size), were investigated 
by obtaining velocity measurements for various flow 
/ 
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(a) (b) 
Figure 5.5 Photomultiplier signals. Glass ballotini, size 210- 
235 m; telescope f no - 6.7; pinhole dia - 100 um; 0.1 V, 
5 lis/div. 
(a) (b) 
rigure 5.6 Photomultiplier signals. Glass ballotini, size 90- 
135 tim; telescope f no - 4.74; pinhole dia - 200 pm 
I -r I 
(a) (b) 
Figure 5.7 Photomultiplier signals. Dust; telescope f no - 6.70; 
pinhole dia - 100 ums 20 mV, 5 un/div 
(a) 
(C) 
(b) 
ýýj 
Figure 5.8 Photomultiplier signals. Silicon oil smoke; telescope 
f no - 4.74; pinhole diameter - 
200 um 
1 -ý2 
Fiqure 5.9 Tobacco smoke; 0.5 ms/div 
"/div; Top: 5 MV; 130ttcxn: 0.2 V; 
tolescope f no - 6.7; pinhole 
dia - 100 um 
k, l i 
trigger on lower trace 
Figure 5.10 Silicon carbide 
(1-5 IJM), I M/div; Top: 10 mV; 
Bottcnt o. s v: teioscc" f no a 
6.71 pinhole dia - 100 um 
(1)) 
trigger on upper trace 
1piqure 5.11 Silicon oil smoke; telescope f no - 4.74; pinhole dia - 
200 mm 
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(a) 
Trigqer on lower trace 
(c) 
( 
(ti) 
Trigger on upper trace 
Figure 5.12 Glass ballotini, 95-135 Um; telescope f no - 4.74; 
pinhole dia - 200 um 
ýIý (o) 
Figure 5.13 Glass ballotini, 95-135 lim with silicon oil smoke, 
trigger on lower trace; telescope f no = 4.74; pinhole dia = 2()0 jim 
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a) (b) 
(d) 
Figure 5.14 Glass ballotini, 95-135 pm with silicon oil smoke; 
telegcope f no - 4.74; pinhole dia - 200 um; trigger on upper trace 
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conditions and observing the resulting velocity histograms. 
The size comparability between smoka and naturally 
occurring dust was also invostigated. 
Figures 5.15 and 5.16 show velocity histograms from flows 
in which the small scatterers were smoke particles (from 
tobacco and silicon oil) and dust. As it can be seen the 
high frequency part of the histogram indicates no change 
in the small particle velocity with the type of small 
scatterer used. It is also noted that the naturally 
occurring small scatterers were outnumbered by the large 
scatterers. This demonstrates the need for artificial 
seeding in similar flow situationst in order to achieve an 
acceptable data arrival rate. - 
Figures 5.17 and 5.16 (c) and (d) show that the presence of 
a large number of small scatterers results in a faster 
growth of the high frequency part of the histogram. 
The dependence of the signal visibility on collecting 
optics geometry is de nstrated by figure 5.18. Since the 
flow was not artificially seeded there was a far greater 
number of large scatterers present than small ones. 
it is noted that as the collecting optics aperture 
decreased, the rate of signal arrivals from large particles 
increased so that for a small aperture, as in figure 5.18 
(b) and (f), only signals from larger scatterers were 
recorded. This can be explained as followst 
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As shown in section 5.2. lj for small collecting apertures 
(large fno) the visibility tends to unityl independent of 
particle size. Thus as the size of the collecting 
aperture is reduced the visibility of large particle 
signals increases# with an associated increase in the 
amplitude of the a. c. component of the signals. This in 
turn increases the number of signals from large scatterers 
which exceed VTj, and the low frequency part of the histo- 
gram builds up faster. 
The remarkable and. *to some extent unexpected result, was 
that a reduction in the pinhole size had a similar effect 
on signal visibility as a reduction of the collecting 
aperture size, see figures 5.18(c) and (d). 
5.2.3 Concluding remarks 
The experimental results of the previous paragraph, 
which were in complete agreement with the arguments 
presented in section 5.2.1, lead to the conclusion that in 
the forward scatter mode the signal parameters (a. c. and 
d. c. amplitudes) exhibit the following average character- 
istics with respect to the size of the scatterer: 
Small scatterer (D < 6): small d. c. component 
amplitude, high visibility. 
Large scatterer (D : 11, &): large d. c. component 
amplitude, low-visibility. 
As an exception to the above, the absolute value of the 
scattered light intensity in any direction may depend on a 
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(b) Seeded with tbbacco smobs 
Figure 5.15 Glass ballotivd., 210-235 pm; f no - 6.7; 
pinhole dia 1- 100 um; VT 1 :60.1 V. 
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(a) no seeding 
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(b) small amount of silicon oil smoke added 
part of figure 5.16. 
179 
0 10 
J 
CI to 
-. F J 
SO 
i 
(a) bledium amount of silicon eil smoke added 
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(d) IaLrge amount of silicon oil smoke added. 
Figure 5.16 Glass ballotini, 210-325 um; fno - 6.7; 
pinhole dia - 100 Um; VT, = 0.07 V. 
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(a) small amount of smoke added 
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(b) large amount of smoke added 
Figure 5.17 Glass ballotini, 210-325 um and silicon otl smoke; 
telescope f no = 6.7; pinhole dia = 100 Um; vT 1s0.07 V. 
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(b) f no = 18.9; pinhole dia 100 pm 
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multitude of conditions, i. e. there could be cases where 
large scatterers produced signals with low d. c. amplitudej 
a large particle crossing the probe volume near the edge 
may be in this category. It is also possible that the 
absolute value of the amplitude of the a. c. component may, 
sometimes, be higher in signals resulting from large 
particles or signals of moderate visibility, than in 
signals produced from small scatterers. Such possibilities 
would give rise to areas of ambiguity, i. e. they would 
prevent complete separation of signals from scatterers of 
different sizes. 
From the above, the following are deduced with regard to 
the signal components: ' 
Large pedestall usually small a. c. component: large 
scatterer. 
(ii) Small pedestalt large a. c. component: Most probably 
small scatterer. 
3: t is thus concluded that it is possible ýo discriminate 
between small and large scatterers on the basis of the 
amplitudes of the signal components. Those signal 
components are obtained from the Doppler burst as follows: 
(i) a. c. component: high pass (or band pass) filtered 
signal, 
(ii) d. c. component: low pass filtered Si4nal. 
it was therefore decided to introduce a logic circuit into 
the LDA system which w0ald I compare 
the amplitude of the 
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two signal components with preset threshold voltages and 
would either accent or-reject signals resulting from large 
or small scatterers. 
The frequency meter used in this work employed a logic 
circuit which compared the amplitude of the a. c. component 
with a threshold voltage VT 10 This could become part of 
the proposed discriminating circuit. 
5.3 ' THE DISCRIMINATOR 
5.3.1 Principles of operation 
rigure 5.19 shows the principles of operation of the 
discriminator circuit. The pedestal signal is compared 
with a d. c. level, VT 2, and produces a pulse output, as 
shown by the waveforms in figure 5.2o, if the pedestal is 
larger than the set level VT 2* A pulse output from the 
discriminator sets the memory output at a logic 1, a value 
which it will retain until completion of the measurement. 
Thus the length of time during which the pedestal exceeds 
VT2 is unimportant. 
At the completion of a measurement the memory contents are 
entered into a D-type. flip-flop using the 'output results' 
pulse. The flip flop has two complementary outputs, one of 
which indicates a large scatterer since it sets to logic 1 
when the memory output is 1, and the other indicates a small 
particle since it sets to 1 when the memory output is 0. 
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A three way manually operated switch is used to select the 
output of the discriminator, the switch positions being: 
(i) All: no discriminationj all results outputed from 
the Doppler frequency meter are recorded. 
Cii) Accept small: Signals are accepted if the amplitude 
of the signal envelope does not 
exceed VT 2" 
(iii) Accept large: Signals are accepted if the amplitude 
of the signal envelope exceeds the 
preset level VT 20 
5.3.2 Testinq of circuit operation 
(a) Usinq simulated signals 
Simulated Doppler signals were produced using a high 
frequency signal generator with a modulated sine wave out- 
put. in order to make the simulated signal as realistic as 
possible, half wave rectification was applied to the 
mo, dulated signal envelope, see figure 5.21. The purpose of 
this investigation was to evaluate the performance of the 
logic circuits and not an attempt to fully simulate LDA 
signals. information about Doppler signal simulation can 
be found in the literature [9]. 
The frequency meter threshold voltage, vT, l was set to less 
than the maximum a. c. signal amplitude and the discriminator 
threshold, VT2' was set to about half the value of the peak 
envelope amplitude. - 
When the discriminator was switched to accept small particle 
.1 
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signals, the logic output remained at state 10", i. e. no 
signals were accepted and when switched to accept large 
particle signals, all signals were accepted, as all 
pedestals exceeded VT 2' 
The threshold voltage levels, VT 1 and VT 2' were varied and 
it was observed in all cases that the discriminator output 
corresponded to the design requirements. Alternatively the 
threshold voltages were kept constant and the signal 
amplitudes (a. c. and d. c. ) were varied; again the circuit 
functioned as per design. Some representative results are 
shown in table 5.1. 
Signal amplitude (V) 
a. c. d. c. 
Large Small 
0.4 1.4 
o. 6 1.4 All accepted All rejected 
1.0 1.4 All accepted All rejected 
0.4 0.4 
------------ 
o. 6 0.4 All rejected All accepted 
o. 4 All rejected All accepted 
Table 5.1 Discriminator output for simulated signals; 
Vi='1.4 V); ' 0*5 V (VT2max 2' 1*5 V)* T 005 V (VTlmax ýý' VT2 2' 
/ 
190 
Using signals from a gas-solid suspension flow 
In order to investigate the relationship between the number 
of valid measurements and the threshold levels VT, and VT 21 
the following procedure was followed: 
The number of results from the Doppler frequency meter was 
measured by a counter, triggered by the 'output results' 
pulse. At the same time the data acquisition and processing 
system was operated and the number of measurements accepted 
by the discriminator was calculated by executing a short 
program on the computer. A large number of such tests was 
carried out using the recirculating type flow rig and a 
variety of solids. The signal component amplitudes were set 
so that their values were less than the maximum values of 
the threshold levels VT 1 and VT 2* 
: rt was observed that as the value of VT 1 was increased the 
data arrival rate decreased. High settings Of VT2 caused 
all signals to be accepted as small particle signals, and 
low values of VT 2 caused all signals to be accepted as large 
particle signals. 
Since the above depend on the signal amplification and the 
overall instrument settings, graphical representation of 
such results would be of limited value. The graphs in 
figure 5.22 show the dependence of the data arrival rate 
and hence the overall experiment time, on the settings of 
VT 1 and VT2 
for one particular situation. 
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5.3.3 Assessment of discriminator performance 
Tests were carried out with the object of assessing the 
dependence of the effectiveness of the discriminator on the 
values of the threshold voltages VT 1 and vT 2* The open 
type flow rig was used and solids of known size distribution 
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were circulated. Seeding, when necessary, was provided by 
means of smoke from tobacco, paper and silicon oil. 
Velocity measurements at a point were carried out and 
histograms of the results were plotted. Figure 5.23 to 
5.28 show such velocity histograms for three values of vT 1 
and two values of VT 2* In this experimental situation the 
small scatterers were more numerous than the large ones, 
as the results show. The majority of the signal amplitudes 
were estimated to be: a. c. 14 0.3 V; d. c. 4 0.4 V. 
it is observed from figure 5.23 (b) that the low setting of 
VT 2 
drastically reduced the number of large particle 
signals recorded. It is apparent from figure 5.23 (c) that 
with a low setting of VT 2p no exclusion of signals from 
small scatterers was possible. 
on comparing figure 5.24 with fiture 5.23 it becomes 
apparent that the low setting Of VT, gave rise to a wide 
distribution of frequencies. This may be attributed to 
noise and also to a reduction in the discrimination against 
large scatterers which normally have a low amplitude a. c. 
component. Figure 5.24 (b) clearly shows that raising of 
VT 1 improved 
discrimination in comparison with figure 5.23 
(b). 
It is seen from figure 5.25 that raising Of VT 1 signifi- 
cantly reduced the number of signals recorded from large 
scatterers, as expected. Figure 5.25 (b) clearly 
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demonstrates the validity of the discrimination principles 
and is typical of many results obtained under a variety of 
conditions; a high VTl combined with a low VT 2 almost 
completely excluded signals produced by large scatterers. 
Comparison of figures S.. 26 (b) and 5.23 (b) verifies that 
large scatterers produce signals, whose pedestal amplitudes 
are larger than those of the small scatterers. Figure 
5.26 (c) shows that when the discriminator is set to accept 
large particle signalst a high VT2 virtually eliminates 
small particle signals. 
Figure 5.27 (c) shows that a medium vT 1 setting combined 
with a high VT 2 is the OPtimUM combination for discrimin- 
ation against small particle signals. 
It was noticed that when obtaining the results shown in 
figure 5.28 (c) the data arrival rate was unacceptably slow. 
To remedy this, the receiving optics 'f number was increased to 
4.7, with a marked increase in the data rate. As 
explained earlier, this is due to an increase of the 
signal visibility# which in effect increases the number of 
signals with a. c. amplitudes exceeding VTl. 
Figure 5.29 gives another demonstration of the discriminator 
performance. Although a small number of low frequency 
signals is observed in figure 5.29 (c) this number could 
have been reduced by lowering VT 2 to about 0.08 V. 
Figures 5.30 and 5.31 demonstrate the dependence of the 
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discrimination on VTj. It is observed that for a fixed 
VT 2, raising of VT, reduces the number of large particle 
signals present in the histogram. Figures 5.20 (c) and 
(d) indicate that there is no real gain in making vT 1> 
o. 15 V. With reference to figure 5.31 it is noted that 
the results shown in (b) were obtained without the 
addition of smoke initially, for approximately one hour; 
smoke was then added and the data rate was considerably 
increased, so that the histogram was completed in a very 
short time. It is remarkable that even under those 
conditions there was such a small number of low frequency 
signals accepted. The time taken for the results shown in 
figure 5.31 (c) was approximately 10 minutes. 
it is observed from figure 5.32 that the addition of a 
large number of small scatterers in the form of smoke in no 
way affected the discrimination against small particle 
signals. It is also noted that the much higher setting of 
VT 2 
in figures 5.32 (c) and (d) offer no real benefit; it, 
in factr resulted in a much slower data arrival rate. 
5.4 CONCLUSIONS 
From the results presented in section 5.2 as well as from a 
study of a large number of similar situations, the following 
conclusions were made, regarding the performance of the 
discrimination technique, presented in this chapter: 
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(a) A high setting of vT 1 results in exclusion of most 
large particle signals and thus VT 1 could, to some 
degree, be used alone as a discriminator for 
accepting small particle signals only; but a high VT 1 
significantly reduces the data arrival rate. 
Combining VT 1 and VT 2 achieves discrimination with 
lower VT 1 settings, 
hence allowing for a higher data 
rate. 
(b) in order to discriminate against small particle 
signals, the combination of VT 1 and VT 2 is indispens- 
able, and use of VT 1 onlycould not achieve this type 
of discrimination. 
(c) The average threshold voltage settings necessary for 
good discriminator performance were found to be as 
follows: 
accepting small particle signals: low VT 2' 
high VT 1 
accepting large particle signals: high VT2' 
medium-low VT 10 
No actual values can be specified as the amplitudes 
of the a. c. and d. c. components depend on particular 
experimental conditions. 
(d) Discrimination against small particles was found to be 
free from ambiguities, i. e. no small particle signals 
were accepted with those from large scatterers, since 
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the former invariably possess a pedestal of very much 
smaller amplitude than that of the latter. 
(e) When discriminating against large particles, it was 
noticed that often some signals of low frequency were 
present in the histogram. Possible explanations for 
this could be as follows: 
Signals from large scatterers which have small 
pedestal may also sometimes have a sizeable 
visibility, in which case they qualify as small 
particle signals. 
Those low frequency signals may results from 
genuinely small scatterers which have adhered 
to large ones and hence move with the velocity 
of the latter, although otherwise the signal 
characteristics are those corresponding to 
small particles. 
Those signals could result from small particles, 
which, due to impacts with other - possibly 
large - scatterers have been deflected so that 
their velocity lies well outside the average 
range of that of the small particles. 
(iv) It has been observed that often signals of 
significantly high visibility are obtained from 
the leading and trailing edges of large 
scatterers. Some of these signals may qualify 
as small particle signals. 
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CHAPTER 6 
VELOCITY MEASUREMENTS IN GAS-SOLID 
SUSPENSION FLOWS 
212 
6.1 INTRODUCTION 
it was shown in chapter 5 that the "discriminating" circuits 
which were developed, made possible the separation of 
signals produced by particles whose diameter was smaller 
than the fringe spacingr from those produced by larger 
solids. Particles such as the former, whose size is 
approximately 1 micron and which, under normal circumstances 
will follow the air flow everywhere 111pare used as seeding 
particles and as such they represent the carrier fluid. 
Following the development of discrimination techniques, - 
velocity measurements in gas-solid suspensions were carried 
out, with the object of studying-the flow characteristics of 
the two phases and investigating the influence of the 
presence of solids on the air flow. 
The solids used ranged from 40 Um to 1 mm in diameter and 
consisted mainly of glass ballotini beads of spherical shape. 
Brown fused alumina of irregular shape was also used. 
All the measurements were carried out in upward flow in 
vertical circular pipes. Glass pipes of inside diameter 
22,, 25.8 and 31.4 mm were used. The pipe Reynold's numbers 
varied from approximately 5000 to 31,000. 
The aim was to obtain results from fully developed flows. 
Thus, a straight length of SO to 60 diameters was allowed 
upstream of the working section. Positioning of the 
instr=ents high above the laboratory floor was not 
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considered practical. Due to this limitation, only small 
bore pipes could be used, although larger diameters would 
have been more advantageous in studying the flow close to 
the pipe wall. Large diameter pipes produce les's distortion 
of the incident beams, since the curvature of the walls is 
less than that of small diameter pipes. Also the ratio of 
a given wall distance to the various flow scales is smaller 
in thecase of a large bore pipe than a small bore one. 
The results presented in this chapter were obtained using the 
open type flow rig (see section 4.5.4), as it offered the 
advantage of continuous operation with a small amount of 
recirculated solids, whose flowrate was precisely metered. 
The experiments can be divided into two categories: 
(i) velocity profiles across the flowpipe were obtained 
for each phase of the suspension 
(ii) Centreline velocity measurements were carried out for 
a variety of flow conditions. 
Velocity measurements for the air and the solids were thus 
taken consecutively, with the flow conditions maintained the 
same. Simultaneous measurements were not possible as this 
would have required duplication of the signal processing 
instruments. 
Seeding of the flow with small scatterers, which would 
follow the air flow, was achieved by using smoke (micron size 
particles), produced by either vaporising silicon oil or by 
burning tobacco and paper. Fine silicon carbide powder 
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(1.5 um. diameter) was also used. In many instancest no 
artificial seeding was employed and the dust pýrticles 
present in the air were utilised. in those cases, of 
course, the data arrival rate was slower. 
The duration of some of the experiments was rather long, 
since many thousands of results were recorded at each 
point. The microprocessor data recording system stored 
the measurements in histogram form and released them to the 
on line computer, after 255 measurements had accumulated 
in one histogram bar. This meant that in cases when the 
data arrival rate was slow, or the velocity spread was 
large, a long time elapsed before a set of results was 
completed. As the prototype electronic circuity did not 
include a facility for manually terminating a measurement 
cycle, this was achieved, when necessary, by feeding into 
the Doppler frequency meter a modulated sinusoidal signal 
from a signal generator. The single frequency of that 
signal, which was set well outside the range of the measured 
Doppler frequencies, was then excluded from the calculations, 
by using a modified version of the computer programme, 
which processed only those results contained within 
specified limits. 
Electrostatic forces presented a problem mainly with the 
solids supply system, which was initially made of perspex 
and clear pvc tubes. ' Since the solids were gravity fed, 
flow was often interrupted, as the solids were attracted 
to the tube walls. The pvc tube was changed to an earthed 
I/ 
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copper pipe. This almost completely eliminated electro- 
static effects. 
6.2 EXPERIMENTAL PROCEDURE 
The laser was switched on approximately one hour before 
the commencement of the experiments, to allow its power 
output to become stable. 
needed no settling period. 
The rest of the instruments 
The air blower was started 15 
to 20 minutes before measurements were taken, so that the 
air temperature reached a steady state. 
The solids were initially fed into the system; their flow- 
rate was determined by the size of the solids feed orifice. 
The air flowrate was set by varying the voltage supply to 
the a. c. blower motor and observing the pressure drop 
across the orifice on the micromanometer. 
The solids loading ratio, defined as the ratio of the mass 
flowrate of the solids to the mass flowrate of the air was 
thus dependent on the size of the solids feed tip and the 
blower speed setting. 
The position of the measuring probe in the flowpipe was 
determined by observing the beam spots on the inner pipe 
walls focused by the telescope on the pinhole plate. 
When the centre of the measuring volume coincided with 
the inner surface of the pipe wall, the two beams converged 
to a single spot. The pipe bore was also determined 
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in this manner. 
The two incident beams were made to lie on a plane 
parallel to the pipe axis and passing through the pipe 
centre, by observing the reflections from the pipe walls. 
The photomultiplier power supply voltage was set at -100o 
volts throughout the experiments. 
The photomultiplier with a telescope attached to it was 
carried on a translation stage. Its position was adjusted 
by means of micrometers in two orthogonal horizontal 
directions, along the optical axis. and at right angles to 
it. Vertical movement was also possible. Care was taken 
to ensure proper focusing of the probe volume on the pin- 
hole by observing the image of the crossover region on the 
pinhole plate. 
The pinhole position could be adjusted in a plane normal 
to the incident light by means of two screws. 
The aperture of the telescope objective was varied by means 
of a diaphragm. Although small apertures normally reduce 
noise in the signals, it was necessary? for reasons 
explained in chapter 5, to maintain as wide an aperture as 
possible without excessive noise. The setting of the 
collecting optics was checked by observing the quality of 
the signals on an oscilloscope screen. 
The range of signal frequencies for a particular flow speed 
was first estimated by observing the photomultiplier 
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signals on an oscilloscope. A wide filter band was set 
and a few results were recorded and displayed in histogram 
form. The filters were then adjusted until optimum 
setting was obtained. Frequency shifting was also added 
when necessary, so that the frequency spectrum was 
contained within the filter pass band. When moving from 
the centreline towards the wall, the filters were 
readjusted to match the signal frequency changes and 
minimize noise. 
Two wide band amplifiers were used to amplify the signal, 
- each normally set at a gain of 20 dBe although different 
experimental conditions often dictated different settings. 
Normally amplification was such that no saturation or 
distortion of the signals took place. A separate set of 
filters and amplifiers was used for the low pass filtered 
signal fed into the discriminator. 
The a. c. and d. c. signal components were both displayed on 
an oscilloscope together with the corresponding threshold 
voltages VT, and VT 2' Normally the amplitudes of those 
two signal components were made less than the maximum 
threshold values. As the signal amplitudes depended on the 
particular experimental c6nditionst no fixed values could 
be assigned to them, and the threshold settings were 
broadly defined as 'high' or 'low' relative to the signal 
amplitudes. Oftent when starting a new set of experiments,, 
adjustments were made on VTI and vT 2 until the effective- 
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ness of the discriminator was satisfactory. In doing this, 
consideration was given to the often conflicting require- 
ment of short time duration of each test. 
Normally three sets of results were taken at each point 
in the flowing suspension, one without discrimination, 
one for small and one for large particles. In some cases, 
in order to save time# results without discrimination 
were not recorded. Switching of the discriminator as well 
as resetting of the threshold voltages was done manually. 
After the end of a set of measurements in a particular 
suspensionj the solids were taken out-and a velocity 
profile of the air alone was recorded by seeding thb air 
with smoke. To maintain comparable conditions between such 
pairs of tests the same pressure drop across the orifice 
was maintained (see appendix Al). This gave approximately 
the same air mass flowrate in both cases# since an - 
increased back pressure due to the addition of solids was 
invariably accompanied by an increase in air temperature; 
the two effects counteracted one another and the air 
density was not significantly altered. 
Traversing across the pipe was achieved by means of high 
precision translation stages,. on which the whole optical 
system was mounted. 
The average duration-of each test was 5 to 10 minutes, 
except near the wall where longer times were necessary. 
While new data were being collected by the data 
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acquisition system, the online 'Apple' computer stored the 
previous set of results on disc, performed statistical 
calculations and displayed velocity histograms on a VDU. 
in this manner the results were continuously monitored 
and corrective action could be taken, if necessary. Use 
of a shorter computer program which only stored results on 
disc for later analysis, was limited to a few cases of 
measurements in air alone, where the data arrival rate 
was high. 
For each set of results the following information was 
recorded: 
Type of solids'and orifice size. 
Manometer reading. 
Type of seeding used, if any. 
Ambient air temperature. 
Air temperature at the orifice. 
Air temperature of the working-section. 
Doppler meter settings (Range, cycles). 
Frequency shif t. 
Threshold voltage settings (VT 1 and VT 2) 
Filter settings. 
A hard copy of the results and the calculated flow 
statistics - corrected and uncorrected - was obtained for 
every measurement point in the flow. Only the corrected 
results were subsequently used for analysis. 
In most cases, readings were taken across half the pipe - 
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from the wall to the centreline. Some traverses were 
carried out along the pipe diameter and they indicated 
that the flow was axisymmetric. 
6.3 RESULTS AND COMMENTS 
Before examining in detail the experimental results, it 
may be appropriate at this point to consider the physical 
interactions between the carrier fluid - in this case air - 
and the solids, in an upward gas-solid suspension flow in 
a vertical pipe. 
The main parameters which may be considered in this type 
of flow, are the particle concentration, the size of the 
particles relative to the scale of-turbulence and the 
solids mass density. 
The sphere of influence of these parameters may be assumed 
to contain: 
Velocities of both phases and their relative (slip) velocity 
Air turbulence. 
Particle turbulence. 
(a) Slip velocity 
Due to the flow being in the 
slip takes place between the 
the flow is fdlly developed, 
to-the particle weight. Con 
increased slip for increased 
upward direction a finite 
particles and the air. If 
this slip is directly related 
sequently one would expect 
particle size, for a given 
221 
. 
particle mass density. For solids whose mass density is 
much greater than that of the fluid, buoyancy forces can 
be neglected. The drag force is then approximately eqVal 
to the particle weight. in addition# in an accelerating 
flow, the particle inertia will contribute to the slip. 
An increase in particle concentration will lead to more 
particle-particle collisions with a consequent probable 
loss of particle momentum. This in turn should result in 
an increase of slip velocity. 
in pipe flow the fluid velocity decreases from a maximum 
value at the centreline to zero at the wall. The velocity 
profile of the solids should be similar to that of the air, 
with the exception at the wall where a finite average 
velocity would be expected. Even small solid particles in 
contact with the pipe wall extend. some distance from it, so 
that one cannot, strictly speaking, assign the terni "at the 
wall" to them. Solids at that position may. exchange energy 
with the air and with other particles with which they 
collide and thus maintain a velocity greater than zero. 
Particles approaching the wall with a significant axial 
velocity component would also have a finite velocity at the 
instant of impact with the wall. - 
From the above, it follows that the velocity profiles of the 
air and of the particulate phase will cross, giving rise to 
negative slip in the near wall region. One would expect a 
'flatter' solids velocity profile with greater slip as the 
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size of the particles increasesp due to the higher inertia 
of the large particles and the consequent reduction of 
influence of the air. They width of the negative slip 
region should thus reduce with increasing particle size. 
(b) Air turbulence 
The level of turbulence of both the gas and the particulate 
phase in a gas-solid suspension flow may be influenced by 
the size of the particulates in relation to the eddy size. 
In an upward flow where considerable slip between the solids 
and the air takes place, heavy particles apt like screens 
and thus they might enhance turbulence. In particular they 
might increase the transverse component of the turbulence 
intensity, due to the wake formed behind each particle. on 
the other handt by penetrating and breaking up larger eddies 
they may encourage the cascade of energy towards the smaller 
scalest promoting dissipation and thus reducing the level 
of turbulence [2). 
Large particles may be more effective in reducing turbulence 
since they break up larger eddies. Consequently it is rather 
difficult to accurately predict the effect of the solids on 
the air turbulencer because of the number of possibly 
conflicting physical effects, since 
(i) by breaking up the eddies they accelerate dissipation 
which results in the suppression of turbulence shear 
and turbulence energy. Large particles should be more 
effective in reducing-the-turbulence in this way as 
they will-be capable of breaking up larger, high energy 
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eddies. 
depending on such factors as shape, size and particle 
Reynold's number the turbulence energy may increase 
in the wake of the particles. One might expect 
again that the larger particles are the most 
important with regards to this effect. 
The two effects are additive and the result could either 
be a net drop or an increase in the turbulence intensity 
of the conveying fluid. 
. 4' 
increased particle concentration should cause a decrease in 
particle turbulence (see below). This could lead to a 
reduction of air turbulence compared to that produced with 
lower solids loadings, as the turbulent wakes formed behind 
particles may now be of lower intensity. 
Alternatively, one may consider the suspension as a 
continuumt in which high particle concentrations are 
analogous to hi gh viscosities. High fluid viscosity would, 
of course, result in a low level of turbulence. 
(c) Particle turbulence 
The turbulence of the solids should increase with eddy size, 
as large eddies would transfer some of their energy to 
particles whereas the effect of small eddies on partidles 
larger than themselves would be very small. The turbulence 
of the solids would thus be greater in the centreline region 
than near the wall, where the scale of turbulence will 
probably be smaller than the particle diameter. 
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Two additional factors to be considered here are the 
variation of air turbulence intensity along the pipe 
radius and the influence of the wallon particle turbulence. 
In turbulent pipe f lowl the region Of maximum energy 
production lies near the wall at the edge of the laminar 
sublayer [31 where the bulk of the viscous dissipation also 
takes place. There, the various energy rates (production, 
diffusion and dissipation) reach a sharp maximum. 
it thus seems that the turbulence of the solids will be at 
a relatively high level in the centreline region, it will 
increase towards the wall due to the increase of air 
turbulence and would then decrease very close to the wall, 
but not as sharply as the air turbulence at that point. 
A damping influence by the wall on the turbulence of the 
solids would be expected due to particle wall collisions. 
Although particles which are small compared with the scale 
of turbulence are strongly influenced by the gas phase, 
large particles are not affected as much due to the large 
inertia which they possess. 
Highsolids concentrations would give rise to increased 
interactions between the solids. This could result in an 
increase 6f the lower velocities and a decrease of the 
higher velocities of. the particles, thus reducing the r. m. s. 
deviations. At low loading ratios the frequency of 
collisions between particles would be small compared to that 
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at higher loadings and as a consequence the value of the 
r. m. s. velocity would be relatively high. 
Summarising the above observations on the mutual influences 
between the two phases of a gas-solid suspension, it may be 
reasonable to conclude that probably the strongest air- 
particle interactions take place when the length scale of 
the eddies is comparable to the particle diameter. 
Rotation of the'solids due to impact with the pipe wall or 
other particles and due to shearing of the surrounding 
fluid may be of importance. Due to rotation the solids 
experience transverse forces and they may thus move at 
right angles to the wall. 
Brownian effects can be neglected for relatively large 
particles, such as the ones used in this work. 
Thermophoretic forcest i. e. forces due to temperature 
gradients in the fluid may be considered to be negligible 
as no significant temperature gradients existed in the flow. 
Electrostatic charging may have- some effect on the flow of 
the solids although this would be difficult to quantify. 
In this work an effort was made to minimize electrostatic 
charging. The distribution of the particulates in the flow 
was assumed uniform, although there is evidence that 
electrostatic forces. might affect this uniformity. 
Graphs of the results obtained from the velocity measurements 
are shown in figures 6.1 to 6.19 and 6.21 to 6.31p at the 
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end of this section. Further experimental details are 
listed in the tables in Appendix A6. 
Three graphs were, plotted for each set of results, using 
values corrected for biasing errors (see section 3.3.2(e)), 
i. 
velocity profiles, U against Rr where UnUc /U m and 
R= r/a denote nondimensionalised velocity and radial 
distance respectively. 
a denotes pipe radius 
r denotes radial distance 
Uc denotes corrected mean velocity and 
Um denotes the centreline velocity of the air 
while solids were present. 
X-#I 
r. m. s. velocity, Vu -, versus nondimensionalised 
C' 1-1 
radius Rr where VU- ' is the corrected r. m. s. velocity, 
as defined in section 3.3.2(e). 
Z: I --: ) turbulence intensity, (Vu `/u 
c)x 
100% versus 
nondimensionalised radius. 
The results consist of velocities of the solids (o), 
velocities of the air while the solids were being conveyed 
(9) and velocities of the air alone (X). The dotted lines 
in the graphs of the velocity profiles are smooth curves 
joining the points for the air (with solids) and for the 
solids. 
The results shown in figures 6.1 to 6.19 contain groups of 
readings obtained by varying the loading ratio and keeping 
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the particle diametert the air flowrate and the pipq bore 
constant. Numerical details for these results are shown 
in table 6.1. 
Figures 6.21 to 6.31 show results obtained from 'a number of 
particle sizesf corresponding to various solid loading 
ratios and air flowrates. 
It is observed from the above mentioned results that there 
is a slip between the solids and the air, which increases 
with increasing particle size as expected. This, for 
example, is demonstrated by the results shown in figures 
6.22,6.13t 6.16t 6.26 and 6.30t in which the particle 
diameter increases from an average of 112.5 Um to 805 Um. 
The slip velocity of the solids varies across the pipe. 
in the near-wall region the particle velocity decays at a 
much slower rate than that of the air. Consequently the 
velocity profiles of the two phases may cross. This is 
clearly demonstrated by results obtained close to the pipe 
wall (see figures 6.9,6.10,6.12,6.22 and 6.26). As 
mentioned previously, the negative slip region becomes wider 
as the particle diameter decreases. This, for example, can 
be observed from the results shown -in figures 6.22 and 6.26, 
which correspond to two very different particle sizes. 
in the case of small. particles# the velocity profiles cross 
high up on the velocity scale, where the air profile slopes 
away from the wall. In the case of large particles the 
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profiles cross near the wall, where the air velocity 
graAient is high. The present results are in agreement with 
those reported by Durst. [3]. 
Wo real conclusion can be drawn from the results about the 
effects of particle concentration on slip velocity. 
Perhaps the main reason for this is that in all the tests 
relatively dilute suspensions were used and othert smaller 
effectst including experimental errors, may have overshadowed 
slip velocity variations. In dilute suspensions the 
particle-particle interactions are not so important. 
Consequently, changes in the air turbulence may predominate. 
As previously mentionedl the air turbulence can be either 
increased or decreased by the presence of solids. This in 
turn may affect the relative velocity between the phases in 
a similar manner. 
Results exhibiting such characteristics are shown in figure 
6.20, which contains graphs of sli velocity, U and air P 
Cy 
velocityr Umr at the Pipe axist against loading ratio. 
These results, which are grouped according to the pressure 
drop across the orifice, as indicated by the numbers on the 
graph, are centrel. ine values extracted from the results 
shown in figures 6.1 to 6.19. ]Further experimental details 
can be found in table 6.1. Although only a small number of 
points make up the various-graphs it is noted that a drop 
as well as an increase in slip velocity occurred with solids 
loading. The air velocity at the centreline showed a 
similar pattern. 
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The turbulence intensity of the solids isp on average, 
greater than that of the air. This is the case even when 
the r. m. s. velocity of the solids is of similar magnitude 
as that of the air or even smallere The reason lies in the 
way turbulence intensity is calculated - i. e. the ratio of 
r. m. s. velocity to the localmean velocity. Since the solid 
phase usually has a relatively low: Iocal mean velocity, this 
consequently results in higher turbulence intensity values. 
For this reason# graphs of both r. m. s. velocity and 
turbulence intensity have been plotted, so that the absolute 
values of the fluctuating components as well as their 
magnitude relative to the local mean velocity can be 
examined. 
The r. m. s. velocity of the solids has been found to be 
higher than that of the air in the centreline region. in all 
but a few cases (figures 6.25,6.261 6.28 and 6.29) in 
which, as it can be observed, the loading ratio was 
relatively high. No significant influence on the r. m. s. 
velocity and turbulence intensity profiles from particle 
concentration has been observed. 
A decrease in the r. m. s. velocity and turbulence intensity 
of the solids with increasing loading ratio, at the pipe 
centreliner can be observed from figures 6.17,6.18,6.19 
and 6.16 for fused alumina, 300-430 um diameter. A similar 
trend is exhibited by the results from glass spheres, size 
210-325 um, where a low loading ratio is accompanied by a 
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relatively high turbulence intensity (e. g. figures 6.8, 
6.11 and 6.12) and a higher loading ratio is accompanied by 
a lower turbulence intensity (e. g. figures 6.7t 6.10t 6.13 
and 6.25). 
An additional increase in the spread of the velocity 
spectrum is expected to have been introduced into the 
results from the fact that the solids were polydisperse 
i. e. the size distribution covered a finite range about a 
mean (for size distribution of solids see section 4.6). 
Such a spread-*of velocities would have existed even in the 
case when all particles had only axial velocity components, 
due to different slip velocities resulting from particles 
of different weights and giving rise to a range of 
deviations from the mean. It is thus expected that the 
value of the r. m. s. velocity in the case of monodisperse 
solids would have been smaller. 
The r. m. s. velocity of the air increases from the centreline 
towards the wall, as can be observed from figures 6.1 to 6.8, 
6.12 to 6.19,6.21 to 6.23,6.25 and 6.27 to 6.31; it reaches 
a peak value near the wall as can be seen from results 
obtained very close to the wall, shown in figures 6.9 to 
6.11,6.24 and 6.26, and it then drops sharply. Hence 
the results are in agreement with thos*e reported by Laufer 
[4]. Similar results-have also been reported by, among 
othersi, Durst [31 and Zisselmar and Molerus 15). According 
to thelatterr an increase of turbulence intensity of the 
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gas phase in the edge of the viscous sublayer takes place, 
due to interactions between thetwo phases as the size of 
the turbulent eddies becomes of the same order of magnitude 
as the solids. 
This has been verified by the results presented in figures 
6.11,6.13 to 6.16,6.22,6.23 and 6.31, although an 
opposite effect can be observed from the results shown in 
figures 6.1 to 6.10,6.12,6.18,6.19,6.21,6.25t 6.28t 
6.29 and 6.30. There is very little or no change in the 
turbulence intensity of the air caused by the larger 
solids usedt as can be seen from figures 6.26 to 6.31. 
on the other handt there is a significant decrease of 
the turbulence intensity of the air caused by smaller 
particles, e. g. figures 6.21 and 6.22. 
An increase in the level of turbulence of the solids in the 
direction of decreasing eddy size, i. e. towards the wall, 
is observed from many of the results. As the eddies 
become more comparable in size with the solids - this 
happens at different wall distances for different size 
particles -a strong interaction takes place. between the 
two phases [51 and as a consequence# some of the turbulence 
energy of the gas is transferred to. the solids. Thus the 
turbulence of the solids is seen to be increasing up to 
the near-wall region in the case of glass spheres, size 
go-135 Um and 210-325-um (figures 6.1 to 6.13 and 6.21 to 
6.25). whereas in the case of larger solids, i. e. fused 
alumina, size 300-430 pm (figures 6.14 to. 6.19) and glass 
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spheres, size 440 to 530 and 675-935 um (figures 6.28 to 
6.31) the turbulence intensity levels off and often falls 
near the pipe wall. 
In the majority of cases (figures 6.2 to 6.9,6.11t 6.14 
to 6.21 and 6.27 to 6.31) the velocity of the air (with 
solids) at the pipe centreline was greater than that of 
air alone. This would indicate a reduction in the level 
of air turbulence and as a result# a more parabolic velocity 
profile. A significant increase of the centreline velocity 
resulting from narrowing of the effective flow area due to 
the presence of solids in the flow is ruled out since, as 
shown in Appendix Al, the ratio volume of air to volume of 
solids wasp on averagel in the region 1000: 1. Hence the 
above mentioned increase of the centreline air velocity is 
probably due to a suppression of the air turbuldnce, 
resulting from the addition of solids. An increase of the 
centreline air velocity in suspension flows has been 
reported by Reddy and Pei 161. 
A decrease in the centreline air velocity with the addition 
of solids has been observed in the results shown in figures 
6.1o, 6.12,6.13 and 6.23. Such a decrease of the centre- 
line velocity, which results in a flatter velocity profile 
has been reported by Chandok and Pei [7] . 
An increase in the ceptreline air velocity due to the 
addition of solids would be expected to be accompanied by 
drop in the turbulence intensity in the near-wall region. 
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rigure 6.2 Glass ballotini, 210-325 Um, loading ratio 3.73; pipe 
diameter - 22 mm; Um - 5.93 m/s 
9 air; o solids; x air alone 
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Figure 6.3 Glass ballotirfi, 210-32S Um; loading ratio 2.24; pipe 
diameter - 22 mm; Um - 6.29 m/s 
air; 0 solids. - x air alone 
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Figure 6.4 Glass ballotini, 210-325 Um; loading ratio 3.42; pipe 
diameter = 22 mm; Um-6.37 mls 
qo air; 0 solids; x air alone 
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rigure 6.5 Glass ballotint, 210-325 Um; loading ratio 1.99; pipe 
diameter - 22 mm; UM-7.08 m/s 
e air; 0 solids; x air alone 
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Figure 6.6 Glass ballotini, 210-325 11m; loading ratio 3.05; pipe 
diameter - 22 mm; Um-7.08 m/s 
* air; o solids; x air alone 
239 
0.6 0.8 1.0 
0 0.5 1.0 
R 
0.5 1.0 
R 
1.0 
op 
1.0 
lu--12 
In/s 
0.5- 
0 0.5 1.0 
R 
20-, 
e7 0 00 
c()x 
1.0 
rigure 6.7 Glass ballotini, 210-325 Vm; loading ratio 4.991 pipe 
diameter = 22 mm; Um-6. (o M/S 
* air; o solids; x air alone 
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Figure 6.8 Glass ballotint, 210-325 Uml loading ratio 0.691 pipe 
diameter = 25.8 mm; Um-8.00 M/S 
4, air; o solids; x air alone 0 
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Figure 6.9 Glass ballotini, 210-325 Vm; loading ratio 2.0; pipe 
diameter - 25.8 mm; Um = 7.95 
o air; 0 solids; x air alone 
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rigure 6.10 Glass ballotinit 210-325 um; loading ratio 5.65; pipe 
diameter 25.8 mm; UM-7.26 m/s 
9 air; 0 solids; x air alone 
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Figure 6.11 Glass ballotini, 210-325 11m; loading ratio 0.61; pipe 
diameter = 31.4 mm; Um5.71 m/s. 
* air; 0 solids; x air alone 
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Figure 6.12 Glass ballotini, 210-325 Um; loading ratio 1.81; pipe 
diameter = 31.4 mm; UM-5.38 m/s 
air; o solids; x air alone 
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Figure 6.13 Glass ballotini, 210-325 UM; loading ratio 5.031 pipe 
diameter = 31.4 mm; UM=5.54 m/s 
* air; 0 solids; x air alone 
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Figure 6.14 Fused alumina,, 3W-430 pm; loading ratio 1.64; ýipe 
diameter - 22 mm; U. - 8.72 m/s 
o air; 0 solids; x air alone 
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Figure 6.15 Fused alumina-; 300-430 Um; loading ratio 2.63; pipe 
diameter = 23 mm; Um - 8.49 
* air; o solids; x air alone 
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Figure 6.16 Fused alumina, 
300-430 Um; loading ratio 4.251 pipe 
diameter = 22 mm; Um , 
8.31 m/s 
* air; o solids; x 
air alone 
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Figure 6.17 Fused alumina,, 300-430 UM; loading ratio 1.49; pipe 
diameter = 22 mm; UM=9.45 m/s 
ip air; o solids; x air alone 
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Figure 6.18 Fused alumina,, 300-430 Um; loading ratio 2.40; pipe 
diameter = 22 mm; Um=9.26 m/s 
9 air; o solids; x air alone 
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Figure 6.19 Fused alumina, - 300-43o um; loading ratio 3.813; pipe 
diameter = 22 mm; UM=9.40 m/s 
* air; o solids; x air alone 
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orifIce 
mm H70 
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ra ti o e f 
k g/O 
N k 9/m is 
. 106 
Um 
M/ S 
fIgUra 
22 
Glass 
ballotini 
size 10 
12 2.44 1.196 1 18.20 S. 59 6.1 
22 of 12 3.73 1.192 18.25 5.93 6.2 
22 14 2.24 1.199 18.18 '6.29 6.3 
22 14 3.42 1.200 18.1s 6.37 6A 
22 of is 1.99 1.199 18.18 7.08 6. S 
22 is 3.05 1.199 18.18 7.08 6.6 
22 18 4.99 1.198 18.30 6.90 6.7 
25.8 40 0.69 1.196 18.20 8.00 6.8 
25.8 40 2. o 1.209 18.06 7.95 6.9 
25.8 40 5.65 1.213 18.00 7.26 6.10 
31.4 IV so 0.61 1.186 
1 
18.33 S. 71 6.11 
31.4 If so 1.81 1.180 18.40 5.38 6.12 
31.4 IV so 5.03 1.179 18.41 5.54 6.13 
22 
Fused 
alumina 
25 1.64 1.192 18.2S 8.72 6.14 
22 it 25 2.63 1.188 18.30' 8.49 6.15 
22 of 25 4.25 1.192 18.25 8.31 6.16 
22 30 1.49 1.190 18.28 9.45 6.17 
22 30 2.40 1.188 18.30 9.26 6.18 
22 30 3.88 1.188 18.30 
1 
9.40 
1 
6.19 
Table 6.1 Experimental details for the results shown in figures 
6.1 to 6.19 
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Figure 6.20 Variation of particle slip velocity and air velocity 
with loading ratio at the pipe centreline 
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Figure 6.21 Glass ballotinit 90-135 um; loading ratio 3.07; pipe 
diameter = 22 mm; UM=6.90 m/s 
* air; 0 solids; x air alone 
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Figure 6.22 Glass ballotýni, 00-135 Um; loading ratio 5.64; pipe 
diameter - 22 mm; UM-5.91 M/s 
air; o solids; air alone 
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Figure 6.23 Glass ballotini, 210-32S Um, loading ratio 4.221 pipe 
diameter = 22 =; Um-7.79 m/s 
9 air; o solid; x air alone 
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rigure 6.24 Class ballotini, 210-325 Um; loading ratio 4.62; pipe 
diameter = 25.8 mm; Um-9.14 m/s 
o air; o solids; x air alone 
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Figure 6.25 Glass ballotini; 210-325 Um; loading ratio 6.801 pipe 
diameter 22 mm; UM-8.06 M/S 
o air; 
; solids; x air alone 
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rigure 6.26 Glass ballotini, 440-530 v=; loading ratio 3.29; pipe 
diameter = 31.4 mm; UM-8.82 m/s 
* air-, o solids; x air alone 
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Figure 6.27 Glass ballotinit 440-530 Um; loading ratio 3.41; pipe 
diameter = 22 mm; UM-9.97 m/s. 
* air; o solids; x air alone 
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Figure 6.28 Glass ballotini, 440-530 =; loading ratio 3.67; pipe 
diameter - 22 mm; Um=9.74 m/s. 
9 air; o solids; x air alone 
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rigure 6.29 Glass ballotinit 440-530 Um; loading ratio 4.021 pipe 
diameter = 22 mm; Um-8.37 m/s 
9 air; o solids; x air alone 
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Figure 6.30 Glass ballotini, 675-935 pm; loading ratio 2.24; pipe 
diameter = 22 mm; UM- 12 m/s. 
* air; o solids; x air alone. 
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Figure 6.31 Glass ballotini, 675-935 um; loading ratio 3.781 pipe 
diameter = 22 mm; Um- 13.09 m/s. 
e air; o solids; x air alone. 
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This has been verified by the majority of the results in 
which an increase of the air velocity in the pipe axis 
was observed (see figures 6.2 to 6.9,6.17 to 6.21 and 
6.27 to 6.30). The opposite effect has also been observed 
from figures 6.11,6.14 to 6.16 and 6.31. 
A decrease in the centreline air velocity would be 
associated with an increase in the near-wall turbulence. 
This has been the case in half the results, for which a 
decrease in the centreline air velocity has been observed, 
i. e. those shown in figures 6.13 and 6.23t whereas a 
decrease in turbulence intensity is observed from the 
results shown in figures 6.10 and 6.12. 
6.4 ANALYSIS OF RESULTS 
Extensive theoretical analysis of two phase flows has been 
carried out by many workers in this field [6,7,8,9,10,11, 
12,13,14,, 15]. In this work, the results obtained are 
compared with some established empirical relationships. 
6.4.1 Particle slip velocity and drag coefficient 
The particle drag coefficient is defined as 
FD 
kpf U2 wD 
2 /4 
The particle Reynold"s number is given by 
(6.1) 
266 
Re 
Pf UaD 
p 14 f 
where FD is the drag force acting on the particle, 
Ua is the particle slip velocity 
D is the particle diameter 
pf is the fluid density 
Pf is the dynamic viscosity of the fluid. 
Combining equations (6-1) and (6.2) gives 
(6.2) 
C= 
8F 
D (6.3) D2 
it uf /P f Re p 
When a particle is moving upwards with constant slip 
velocity Ua, the drag force FD is equal to the weight of 
the particle. lessthe buoyancy forces,, ie. 
Fpgr_ Pf 9 7r 
(D) 
Dp 
(22) 
7 
or F 
7r Dg (p p (6.4) D6pf 
When Pp>pf the buoyancy force can be neglected, and 
equation (6.4) reduces to 
3 
7r Dp (6.5) -; gp 
Combining equations (6.3) and (6.5) gives 
-4 
Pf 9p31 
-- (6.6) -7f p Re 
2 
p 
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Using the average values pf = 1.20 kg/m 
3 
and Pf w 18.2 x 
10- 6 kg/m s in equation (6.6) gives 
cD "ý 0.04738 x 10- 
6ppD31 (6.7) 
Re 
Figure 6.32 shows a plot of the particle drag coeffidient 
against particle Reynold's number. Values of CD and Re 
were computed using the average values of particle 
diameter and values of slip velocity at the pipe centre- 
line. Details of the relevant data are listed in 
appendix A6. The dotted lines in figure 6.32 represent 
plots of qquation (6.7) for the varidus particle sizes 
used. 
many empirical relationships between particle drag 
coefficient and Reynold's number have been proposed by 
various investigators. Boothroyd [161 has presented a 
list of several such relationships. 
The three main regions [171 are: 
Re 
p<0.2; 
Stoke's law: 
c 24 D Re (6.8) 
p 
0.2 < Re p< 
500; Chand [8]: 
C 
24 
+ 
3.4 
.. (6.9) D Re 0.3056 
p Re 
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(111) 500 < Re p< 
300jO00; Newton's law: 
cD=0.44 
In figure(6.32), the solid line is a plot of equation 
which applies to a free falling spherical 
particle, i. e. falling with terminal velocity. 
(6.10) 
The experimental results indicated that the slip velocity 
and hence C Dt was not constant. An attempt to explain 
that 
variation follows later in this section. It is observed 
from figure 6.32 that the experimental points corresponding 
to the lowest values Of slip velocity (highest CD values) 
for each particle sizel fall close to the standard drag 
curve (equation 6.9). Those slip velocities were obtained 
from the lowest possible particle flow velocities; further 
drop in the air velocity caused the flow of particles to 
become unsteady and the particles to fall out of suspension. 
The terminal velocity of a freely falling particle can be 
compared with the air velocity in an upward flowing 
suspension, at the instant when the solids cease to move 
up. Figure 6.32 verifies this observation. 
A dependence of particle slip velocity on loading ratio 
has been reported by, among otherst Reddy and Pei [61 
and Chandok and Pei [7]. In the present investigation 
changes in slip velocity have been observedr although it 
is not clear whether the sole cause is a change in the 
loading ratio, or changes in air velocity and air 
270 
Reynold's number. Further investigation into thit area 
is heeded. 
Figure 6.33 shows graphs of particle slip velocity against 
air velocity dt the pipe centrelinet for different 
particle sizes. It is observed that the slip velocity 
increases with flow velocity. The slope of the curves 
decreases with particle size. It is expected that for 
very small particles the change of the slip velocity with 
flow velocity, as well as the slip velocity itselft tend 
to zero, as the particles follow the flow completely. 
Figure 6.34 shows graphs of particle slip velocity at the 
pipe centreline against loading ratio. A drop in the 
slip velocity is observed, mainly in the case of the 
larger solids. This result disagrees with the ones 
obtained by Chandok and Pei [71t who observed a decreaae 
of the particle drag coefficient (i. e. an increase of slip 
velocity). It is also apparent from the same figure that 
there is a slight dependence of slip velocity an pipe 
diameter - pipe diameters are indicated by the numbers on 
the graphs. Obviously, in the absence of external 
influencest such as electrostatic forces, pipe diameter 
could not affect the slip velocity'provided all other 
parameters remained constant. 
It is possible that changes in the flow velocityl which in 
most tests could not be kept separate from changes in 
solids loadings, played a role in the slip velocity 
variations. 
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Figure 6.34 Graphs of particle slip velocity against loading ratio 
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25.8 
Figure 6.35 shows plots of slip velocity against pipe 
Reynold's number. A dependence of slip velocity on pipe 
Reynold's number, similar to that an flow velocity can be 
observed. 
The strongest correlation observed is that between. 
particle slip velocity uar and air velocity Ump at the 
pipe axis, as seen in figure 6.33. Since loading ratio 
depends on solids mass flowrate as well as air mass flow- 
rate and hence air velocity, dependence of CD on the latter 
would have obscured the variation of CD with loading ratio. 
Varying the loading ratio and the air flowrate separately 
is necessary, in order to fully investigate changes in 
drag coefficient. 
if the drag coefficient is a function of the particle 
Reynold's number only, i. e. CD= f(Re p 
), then for a given 
particle diameter, D, Ua must be constant. If this is not 
the case then 
(i) The flow may not be fully developed, hence the solids 
are still accelerating upwardst and 
the drag coefficient is not a function of Re p only,, 
but also perhaps of Re f and s olids loading. 
Electrostatic forces may also be important. 
In order to investigate case (i), i. e. whether fully 
developed flow had bden established at the working section, 
velocity measurements were carried out, using two 
different pipe lengths. Two 25.8 mm bore pipes were used, 
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0 
giving 54 and 67 diameters upstream of the working 
section. Due to space limitations longer pipes could not 
be used. Measurements were taken at two air mass flowr 
rates for each pipe length, a low and a high one. No 
significant difference was observed between the speeds 
of the solids at the centreline for the two pipe lengths. 
it was thus concluded that the solids had reached their 
maximum velocity. 
The variation of the particle slip velocity with particle 
diameter is shown in figure 6.36. The results obtained 
with fused alumina have been omitted from that graph, 
since there is a difference in mass density between glass 
and alumina, and slip velocity depends on both, size and 
weight. 
After combining equations (6.1). (6.2) and (6.9),, and 
using the average values P. ý-- 1.20 kg/m 
3 
and 
p= 19.2 x 10- 
6 kg/m-s, the following result is obtained: 
10.9p 
pD3. _0.364 x 
10- 3D Ua - 0.1145(U a 
D) 
1.694 
=0 
(6.10) 
plot Of the above equation is shown in figure 6.36 
(solid line). 
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6.4.2 Particle velocity profiles 
The particle velocity distribution across the pipe can be 
described by a power law [71, i. e. 
Up - UPW (y D/a 
upo -upw ýa D/ 2). 
where Up denotes particle velocityl suffices o and w 
refer to the centreline and the wall respectively, 
y denotes wall distance, a pipe radius and D 
particle diameter. 
By letting VPý Up/UmP Y=1-r, where r is the radial 
distance, and R= r/a, the above expression can be written 
as 
vp vpw R 
vpo VPW D/ 
2a 
The boundary conditions are: 
R= Or Vp v Po 
R=1-D Vp ý Vpw - 2a 
Unlike the velocity of the fluid phase, the particle 
(6.11) 
velocity at the wall is not zero. Graphs of (V p -V PW 
)/ 
(VpO -V PW ) against 1- R/[l - (D/2. a)] are shown in figure 
6.37. VP values were obtained from the graphs shown in 
figures 6.1 to 6.19 and 6.21 to 6.31, after fitting smooth 
curves over the points. An estimate of Vpw for each 
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velocity profile was made by extending the curve up to 
R=1. Although this method for obtaining particle 
velocity at the wall is likely to introduce errors, it 
is not thought that the simple power law assumed by 
Reddy and Pei [61 would lead to more accurate estimates of 
particle wall velocities. 
It is seen from figure 6.37 that the index m is not a 
constant, but varies with radial distance. Chandok and 
Pei [71 found m to be a function of particle Reynold's 
number, Re pIi. e. 
m=3.78 -T 0,007Re p 
The present results indicate a dependence of m on particle 
Reynold's number, but as it can be seen from figure 6.38, 
that relationship, unlike the one above, is a more complex 
function of Reynold's number and particle size. 
For each particle size, a parabolic relationship exists 
between the index m and Reynold's number, of the form 
a Re 
b+c (6.12) 
p 
The constant C was estimated to be equal to 2t and the 
index b equal to 4.5F for all particle sizes. The values 
of the coefficient a-are shown in table 6.2. 
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I 
Solids a 
Glass spheres 90 - 135 um 1.63 x 10 -4 
Glass spheres 210 - 325 Um 8.65 x lo- 
8 
Glass spheres 440 - 530 Um 4.85 x 16-1c 
Glass spheres 675 - 935 Um 3.40 x 10-12 
Fused alumina 300 - 430 um 2.10 x 10-9 
Table 6.2 Values for equation (6.12) 
4. 
Further to the above, it was thought that the coefficient'a' 
would be a function of particle diametert of the form 
AD (6.13) 
where the constants were estimated to be n= -8.71 and 
12 
A=1.2 x 10 
This agreed very well with the results obtained from glass 
ballotinit size 13,10 and 8, but not with those from 
glass ballotini, size 5, and fused alumina. The latter, 
of course, being of different mass density than glass and 
of irregular shape, is expected to require a different 
value for the constant A. Weight is probably the third 
parameter upon which the index m. depends. 
I 
281 
C 
C 
Li 
0 
C 
C 
"1 
Az 
0 
-s 
'I 
I 
AJ 
v 
(. 4 
. 
0 
4J 
D C31 
3 
-13 cp,, 
Nc: ýý 
-113 
1 
40 a ý 
40 
0 
-0 -- 
e % 
I- - -I 
In Ln Cý Ln Cý M C%4 mmM 
xi 
q- T ul 43% -4 
6 Ji 6 cD 
C%4 -, r %a rm 
m Go 
=aaa 
rm 
cx 
vs 
CR I I 
x0 
-4 0 13 
4ý 
Ln 
CD Ln N 
eno 
CD 
Ln 
Im 
C: 2 
r4 
CL 
a# 
cc 
n 
"1 
:0 
r 
282 
-REFERENCES 
[11 Melling A and Whitelaw JH 
flows for Laser Anemometry. 
pp 5-14. 
1973 Sedding of gas 
DISA Infomation, no 15, 
[2] Koronakiz PS 1973 Reduction of turbulent energy 
and shear by particulates in a homologous turbulent 
shear flow field of low Reynold's number. Ph. D. 
thesisr University of Illinoisp USA. 
Durst F 1978 Studies of particle motion by laser 
Doppler techniques. Proc. Dyn. Flow Conference 
345-372. 
[41 Laufer J 1954 The structure of turbulence in fully 
developed pipe flow. Reprt 1174 NACA. 
L51 Zisselmar R and Molerus 0 1978 Investigation of 
solid-liquid pipe flow with regard to turbulence 
modification. Intl. seminar on Momentump Heat and 
Mass Transfer, Dubrovnik. 
[61 Reddy RVS and Pei DC 1969 Particle dynamics in 
solid-gas flow in a, vertical pipe. I& CE 
Fundamentals 83 390-497. 
[7] Chandok SS and Pei DC 1971 Particle dynamics in 
solid-gas flow in a vertical pipe. Pneumotransport 
conf. Cambridge, BS-53-67. 
283 
[81 Chand P 1973 A theoretical model of the pneumatic- 
conveying dryIng system. Pneumotransport 2 Conf. 
paper C2 (Guildford: BHRA), C2-15-27. 
[91 Migdal D and Agosta VD 1967 A source flow model 
for continuum gas-particle flow. ASME Trans. 
860-865. 
1101 Syamala, RC 1975 A pressure drop correlation for 
gas-solid flow through similarity analysis. Indian 
J. Tech. 13,435-437. 
[111 Syamala RC 1976 Study of thd mechanism of 
turbulent gas-solids flow pressure drop: Part II 
solids phase momentum equations for turbulent flow. 
Indian J. Tech. 14 365-368. 
1121 Ahmadi G 1973 Motion of particles in a turbulent 
fluid - on the effect of rotation on the dispersion 
coefficient. Pneumotransport 21 conf. Paper Cl, 
Guildford: BHRA. 
[131 Tirumalesa D and Channapragada RS 1969 Turbulent 
mixing of gas-particle and pure gas streams. 
Astronautica Acta, 14,665-679, Pergamon, Press. 
[141 Soo SL 1969 Pipe flow of suspensions. Appl. Sci. 
Res. 21,60-84. 
[151 Baw PSH and Peskin RL 1971 Some aspects of gas- 
solid suspension turbulence, ASME Trans. 
284 
0 
[161 Boothroyd RG 1971 Flowing gas-solid suspensions, 
Chapman and Hall 
[171 Arundel P A, Hobson C A, Lalor MJ and Weston W 1974 
Measurements of individual alumina particle velocities 
and the relative slip of different sized particles 
in a gas-solid suspension flow using a laser anemometer 
system. J. Phys. D: Appl. Phys. 7 2288-2300 
285 
CHAPTER 
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7.1 CONCLUSIONS 
14 
The'Previous lack. of experImental resu-1ts f or -two phase f lows 
has been pointed out by many authors [1j, 213 t 4] as mentioned 
in the introduction. Various reasons for that were also 
given, such as absence of suitable instruments? which 
would effectively separate signals from the two phases and 
which would be able to cope with such a basically hostile 
environment, without at the same time causing a flow 
disturbance. 
it can now be concluded that the use of LDA for the study 
of two phase flows seems very promising, as the results 
presented in this work show. 
The outstanding points of this investigation can be 
summarised as follows: 
A study of the beam propagation characteristics in a 
dual beam laser Doppler anemometer, was followed by 
the development of a method for measuring beam 
diameter, hence determining the exact position of the 
minimum beam cross section - the waist. Inexpensive 
and relatively simple optical arrangements were thus 
designed, in which the beam crossover region coincided 
with the beam waist. 
(b) The dependence of Doppler signal visibility on 
scatt. erer size was investigated, and as a result a 
"discrimination" technique, was developed which 
allowed separation of signals obtained from each of 
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the two phases of a flowing gas-solid suspension. 
(c) 
The basis of this technique was formed by a digital 
logic circuitt together with a Doppler frequency 
meter. In this arrangement signals could at will be 
accepted or rejected, depending on the amplitudes of 
the Doppler signal components. The discriminator 
was tested and its performance was found to be 
satisfactory. 
Velocity measurements were carried out in upward flow 
of gas-solid suspensions in the axial direction in 
vertical circular pipes. An optimized dual beam 
optical anemometer was used, with a prototype 
Doppler frequency meter and discrimination logic. A 
microprocessor based data collection system and an on 
line computer for data processing were used. The 
conveying medium in the flowing gas-solid suspension 
was air. solids# of mainly spherical shape, and 
diameters between 400 to 1000 Um were conveyedp in an 
open type flow rig, with a cyclone separator and 
continuous recycling of the solids. Velocity profiles 
across the pipe and centreline velocity measurements 
were obtained for both the solid and the gas phases 
of the suspension. The results indicated that: 
(i) The velocity profiles of the air and of the 
solids were distinctly differentf the difference 
depending on the average size of the solids. 
The solids velocity profiles were 'flatter' 
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than those of the air. Although the centreline 
particle velocities were lower than those of the air# 
the velocity profiles crossed over near the wall, 
as the solids maintained a finite velocity at the 
wall. 
The slip velocities of the solids were found to 
depend on particle size as well as pipe Reynold's 
number and possibly loading ratio. 
An increase as well as a decrease of air turbulence 
was observed. These conflicting results were - 
attributed to the many different ways in which the 
presence of solids in an air flow affect turbulence. 
Depending on particle shape, size and concentration 
and flow velocity, the manifestation of the mutual 
influences between the phases can. vary. 
(iv) The level of turbulence of the solids was on average 
higher than that of the air, except in the near wall 
region, where a sharp increase in the air turbulence 
was observed. 
Due to the very complex nature of two-phase flows and the 
large number of variables involved, it is felt that more 
exhaustive experimentation is necessary in order to fully 
explain the mechanisms of the air-solids interactions. Such 
thorough coverage of all the possible combinations will 
require additional lengthy experimental work and was not 
possible to carry out in the present project. 
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7.2 'RECOMMENDATIONS FOR FUTURE WORK 
7.2.1 Experimental Techniques 
Several problems were encountered during the course of the 
experimental work, rýany of which could not be solved at 
that time due to practical limitations. An outline of 
those problems now follows, together with suggested 
remedies and improvements of the experimental techniques. 
a) Flow pipe diameter 
Due to space limitations only small bore flowpipes were 
used. This made difficult taking measurements near the 
wall, due to laser light scattering from the wall. it is 
recommended that in order to study the flow close to the 
solid boundary, large diameter pipesbe used, in which case 
wall distances are smaller fractions of the pipe diameter. 
Pipe diameters in excess of 50 mm are recommended. 
Laser power 
Although the 5 mW laser used produced about lo mw, it was 
noticed that natural seeding of the flow with small 
scatterers was not sufficient, due to the low scattered 
intensity. A more-powerful laser would be an added benefit 
to the signal quality. 
q) Air supply 
one of the main difficulties experienced in this 
investigation was maintaining a steady air flow speed. This 
was due to the use of electric blowers, whose motot speed 
fluctuated. In order to minimise flow fluctuations it is 
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recommended to use a large air reservoir, charged by a 
compressor, via a heat exchanger. An automatic bleed valve 
could then maintain the air supply within close tolerances. 
d) Electronic filtering 
The signal frequency distributions obtained from the 
flowing suspensions were wide - usually bimodal. This 
presented difficulties in filtering out noise, since a wide 
filter band had to be used, to avoid truncating the 
frequency spectrum. An automatic filterbank, such as the 
one developed by Durst and Heidbreder [51, which would allow 
individual filtering of each signal burst, could improve 
signal quality and reduce measurement errors due to noise. 
e) Radial diffraction grating 
The problems associated with the radial diffraction grating 
were speed fluctuations and eccentticity of the grating 
disc. Although these may leave the mean velocity unaffected, 
they tend to increase the frequency spread. it is thought 
that a mixing device [6] for electronically subtracting the 
preshift frequency would solve the above problem and would 
also eliminate errors due to inaccurate speed settings. 
0 
f) Electrostatic charging 
Electrostatic forces, often prevented the solids from 
flowing smoothly., The effect was reduced by using earthed 
metal tubes, wherever*possible, particularly in the solids 
feed system. It is recommended that the-air humidity be 
controlled in order to obtain optimum conditions. 
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gJ , Col: lect'ing 
It was observed that incorrect adjustment of the collecting 
telescope, affected signal visibility, upon which 
discrimination was based. It is of great importance to 
focus the collecting optics correctly; this can be 
facilitated by observing the resulting photomultiplier 
signal on an oscilloscope screen. 
h) Small particle seeding 
Due to the small laser power and the need to obtain results 
in a short timer artificial seeding with small scatterers 
was employed. This was achieved by various types of smoke. 
It was noticed that smoke, in particular oil smoke dropletsy 
tended to adhere to the solids and to the pipe walls, thus 
impeding the smooth flow of the solids. This was 
particularly severe, as the solids were gravity fed. 
It is thought that use of a more powerful laser would 
eliminate the need for seeding and the problems assodiated 
with it - 
i) Solids flow characteristics 
A number of fixed size solids feed tips were used to vary 
the solids flowrate. Since the solids to air loading ratio 
can be altered by altering the flow of either the solids or 
the air, or both, this meant that the loading ratio could 
not always be set independent of the air flowrate. 
It is recommended that in order to study possible dependence 
of particle drag coefficient on loading ratio and pipe 
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Reynold's number, a varýable solids feed orifice must be 
used. 
J) Velocity bias corrections 
The velocity bias corrections used were similar to those 
proposed-by McLaughlin and Tiederman [7]. These corrections 
only consider that particle velocity componentýt which is 
normal to the fringes, and do not take into account the fact 
that the flow through the probe volume is three dimensional. 
it is recommended that in future work, the bias correction 
proposed by Hoesel and Rodi [81 be used. This correction 
considers the particle velocity vector, not one com ponent 
only by taking into account the residence time of the 
particle in the probe volume. . 
7.2.2 Organisation of future experimental work 
it is now understood that it is not possible to fully 
separate the variables involved in a two phase flow while 
carrying out experimental work. For example a change in 
the solids flowrate onlywould bring about changes in the 
distribution of velocities in the duct, hence the centre- 
. line air velocity would be altered. Nevertheless one can 
vary one of the controllable variables at a time and thus 
obtain a better understanding of this type of flow than has 
been possible up to now. 
The variables to be considered are: 
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Air flow-rate and air mean veloqýty. 
Solids mass loadings 
Particle size. 
Solids concentration would be a consequence of the latter 
two conditions. 
The above three parameters should be varied one at a time, 
over a wide range of values and measurements of local mean 
velocities as well as fluctuating components carried out. 
Pipe diameter would be a possible fourth parameter to be 
considered. Since particle contact with the pipe wall and 
particle-wall collisions are likely to exert a damping 
influence on the flow of the solids, the variation-of the 
volume to wall area ratio, with pipe diameter# may be of 
significance. 
Two component velocity measurements should be considered as 
a necessary step? following a comprehensive series of axial 
velocity measurements. 
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APPENDIX Al 
CALIBRATION OF THE ORIFICE PLATE 
Although the orifice plate was designed to BS 
1042 
it was 
decided to carry out a calibration rather than rely on . 
manufacturing accuracy. 
The flowrates corresponding to a large number of manometer 
readings were detemined from velocity profiles as follows: 
r=a 
The volume flowrate is given by 2w 
I; 
r dr where ; and r 
r=O 
denote local mean velocity and radial position respectively. 
When the velocities and radii are non-dimensionalised, 
u and R um 
where Um is the centreline velocity and a the pipe radius, 
the above expression for the volume flowrate becomes: 
R=l 
2r Uma2U RdR (Al. 1) 
R=O 
Also mass flowrate ih = pý (Al. 2) 
where P 13 is the air density-at the point of measure- RT 
ment. The pressure p, at that position was assumed to be 
atmospheric. The temperature was measured by a thermo- 
couple attached to the pipe wall. R= 287 J/(kg K)p is 
the specific gas constant for air. 
Al. 1 
The integral XU RdR wag evaluated using Simpson's Rule for 
numerical integration as followe; A smooth cuzv. e was fitted 
over the. experimental points of the velocity distribution 
and the product UR was evaluated at nine equidistant 
positions up to R=0.8 and at a further seven positions 
from R=0.8 to R=1.0. Hence the volume and mass flow- 
rates were computed using equations CA1.1) and CA1.2). 
As one of the objectives of this work was to investigate 
the effects of the presence of solids on the flow of air 
through a vertical pipe, pairs of experiments,, i. e. air and 
solids and air alone under comparable flow conditions, had 
to be carried out. Setting theý differential head across 
the orifice the same for both tests in each pair was 
thought to give comparability of flow conditions, but an 
investigation was carried out in order to quantify the 
influences on the air mass flowrate resulting from: 
(i) narrowing of the effective flow area due to the 
presence of solids in the flow 
(ii) increased back pressure caused by the added 
resistance to the flow from the conveyed solids, i. e. 
possible increase of the absolute pressure at the 
orifice with an associated increase in the air density. 
To investigate the effects of increased pressure drop the 
following test was carried out: 
maximum solids flowrate wAs set, using solids feed-tip no. 8 
and glass ballotini, size 10 (see Appendix A2). The blower 
Al. 2 
was set at maximum speed qýVýng a differential head at the 
orif Ice of approxtmately 60 MM H20- The gauge pressure at 
the tapping upstream of the orifice was then 300 mm H20. 
For the same differential head, when air alone was flowing# 
the tapping upstream of the orifice. read 170 mm H20 - Thus 
the net pressure increase at the upstream tapping of the 
orifice between the two flov conditions was 130 mm H 20- 
This would result in an increase in air density of 
approximately 1.2%. Since no heat exchanger was used to 
maintain constant air temperature, an increased pressure 
drop was always accompanied by an increase in the air 
temperature at the orifice, of a few OC. This would reduce 
air density and the two effects should more or less cancel 
one another out. 
To quantify this: argument, two velocity Profiles with air 
alone were obtained, using smoke as seedingr with a 50 mm 
H20 differential. head in each case, but with dif f erent, back 
pressurest achieved by means of a restriction placed 
between the working section and the orifice plate. The 
gauge pressures upstream of the orifice were 128 and 315 mm 
H2 0 values which compared with those at maximum solids 
loadings. The air mass flowrates were computed from the 
velocity profilest as explained previouslyt with no 
significant difference between the two values. 
it was thus concluded that for the conditions encountered in 
.0 
the present workl changes in the air density at the orifice 
due to pressure and temperature variations could be ignored 
Al. 3 
wJ, th6ut sýcjniflcant error. 
As regards the narrowing of the flow area due to the 
presence of solids, the maximum solids mass flowrate was 
20.89 g/s Csee Appendix A21. The corresponding volume 
flowrate was 
20.89 x 10-3 10-6 3 2950' 7.1 xm /S 
This,, compared with the volume flow of. air Csee table A1.1) 
is smaller by a factor of about one thousand and can be 
neglected as insignificant. 
Hence it wasconcluded that comparable flow conditions 
prevailed if the differential head was kept constant for 
experiments involving air alone and air with solids. 
The mass flowrate through the orifice was expressed as 
-ph 
where k is a constant 
the air density at the orifice 
and h the differential head across the orifice (m H2 0) 
Since the pressýire changes were not significant, the air 
density was taken as 
13at 
PIT 
. where p at 
denotes atmospheric pressure 
and T was taken as 300 K, which was an average value 
for a number of experiments. 
Al. 4 
Hence fn =C vh-. 
where Ck Vý72f 87 -x3'00 
graph of ýn against /Fx Is shown in figure A1.1t for a 
number of flow conditions as shown in detail in table Al. l. 
From the slope of the calibration curve it was found that 
C=0.0185. 
Hence. ýn = 0.0185/h- (Al. 3) 
Al. 5 
6 
5 
l= r- 
. r= 
cu 
-6-3 
W 
yn t m)-- 
Figure A1.1 Calibration of the orifice plate 
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APPENDIX A2 
CALIBRATION OFSOLIDS FEED'-TTPS 
Calibration of the solids flowrate through the different 
sizes of solids feed-tips used was carried out as follows: 
The flow of the solids through each tip was timed and the 
amount collected in a beaker was weighed to determine the 
mass. This procedure was repeated three times. Average 
values are shown in table A2.1. 
mass flowrate (g/s) 
material 
ý ýP, 
--- 
8 7 6 S. 4 
glass ballotini 18 19.48 10.52 6.29 4.60 2.42. 
glass ballotini 13 20.08 12.41 7.59 5.23 2 . 74 
glass ballotini 10 20.139 12.33 7.53 4.92 2.54 
glass ballotini 8 20.14 11.74 6.86 4.48 2.231 
glass ballotini 5 16.31 9.31 5.25 3.35 1.561 
sand 
V3.98 
9. OS 5.69 3.75 1.991 
burnt alumina 
ý9.48 
12.92 7.69 4.78 2. 
*48ý 
Table A2.1 Solids mass flowrates 
A2.1 
APPENDIX A3 
PUBLISHED WORK 
A3.1 
j E: ScL Instrum, Vol. 11,1978. Printed in Great Britain 
Beam waist location and 
, neasurement in a Oual-beam laser 
Doppler anemometer 
I Tridiwas, MJ Lslor awl NH Wool1ey 
!! pýent of Mechanical, Marine and Production 
! zýg, Liverpool Polytechnic, Byrom Street, 
. &erpool 0 3AF. UK 
jewived 22 july 1977, in final form 19 October 1977 
kj&zd A method is described for measuring Gaussian 
ýker bearn diameters and, in particular, determining the 
iQC of the beam waist in a dual-beam laser Doppler 
kc=wmetcr. Results of measurements carried out by 
Za=t ter-hniques and theoretical predictions are presented 
I& check to the validity of that method. The associated 
I*bkm of the beam waist location is also discussed. 7be 
I, tdjod. called here the 'power ratio method', offers itself 
%a simple and reliable way of measuring beam diameters 
%d locating beam waists, tasks which, otherwise, are 
%mbcrsomc and time-consuming. 
IMUVdaction 
.t most common 
laser Doppler anemometer (LmA) system 
S of the dual-beam type 
in which a laser beam is split into 
V. 0 cquj-intensity parts, which are made to 
intersect by 
ý=ns of a simple converging lens. Figure I shows such a 
, zem where 
a radial diffraction grating is used as beam 
vZ=. In the intersection region interferences fringes are 
Vmed. Attention has recently been drawn to the fact that 
NC waist does not usually occur at the 
intersection and 
ý"=e the spacing of these interference fringes may not be 
ýM=t throughout the crossover region (Hanson 1973). 
can lead to wors which can 
be significant when the 
es of the observed 'Dopplee signals are related to PC= ýc veocities of the scattering particles passing through 
the fringes. Doppler signals from particles crossing the 
probe volume at different points and with the same velocity 
can have frequencies differing by 10% or more (Abbiss et 
al 1974, Durst and Stevenson 1975). 
It is, therefore, important to -ninimise this effect by 
arranging the optical system so as to produce constant 
fringe spacing in the intersection region. This Is normally 
done by locating the waists of the focused Gaussian beams 
at that point - the practical problem being to achieve this 
condition quickly and easily. A related problem is the necessity 
to know the physical dimensions of the probe volume, which 
is important when making biasing corrections in turbulent 
flow studies (George 1975). 
2 Beam propagation 
In general, for a Gaussian beam having a waist of radius ro, 
the beam radius rx at a distance x from the waist is given by 
(Kogelnik 1965, Dickson 1970) 
rs-ro 1+ 
1 Ax 2 1/2 
When that beam is focused by a lens (Durst and Stevenson 
1975), 
rof 
I(xo-f), +(7rros/A)II 
xi-f+ 
(XG-f)P 
-- (xo-f)s+(7rrO/X-)$ 
where rl is the radius of the focused beam waist, / is the 
paraxial focal length of the lens, xi is the distance between 
the lens and the focused beam waist and xo is the distance 
between the lens and the beam waist before the lens, as shown 
in figure 2. For a lens free of spherical aberration, equation 
(3) gives xi -f if xo -. f or xo -o-oo. 
Equation (1) applies equally to the focused beam shown 
in figure 2 by changing ro to ri and measuring x from the 
focused beam waist. If the beams intersect at a distance 
x from the waist then r. Irl will be greater than unity. It 
is necessary to have a reliable method of measuring beam 
radius and reducing rzlri to as close to tinity as possible. 
For the Spectra Physics model 120 He-Ne laser used in this 
work the beam waist radius in the resonator has been calcu- 
lated from the specification data as 0-366 mrn at a distance 
of 325 mrn from the beam exit end of the case. 
3 Measurement of beam dbuneter -power ratio inethod 
A technique for measuring the spot size of Gaussian beams 
(Yoshida and Asakura 1976) has been adapted and applied 
to the location and measurement of the beam waist. 7be 
theoretical basis of the method is as follows. 7be intensity 
iI 
LdgOY-4ý---, 
-, ---4A. ---I loser Iplier 
Collecting 
17! t ! 
at 
N 
Focusing optics 
dif traction lens 
grating 
I)ual-b= laser anemometer. 
'k 1978 -rbc Institute of PhYsics 
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7*ridinw, MJ Lalor and NH Woolley 
Table I Results from unfomsed beam measurements. 
2ar, wire diameter or strip width; r, beam radius. 
WirC3 Flat strips 
I(x, jy) of a 
Gaussian beam is given by (Skinner and VAlitcher 
1972, Suzaki and Tachibana 1975) 
Y) - 
2po 
exp 2 
X2+YS 
where Po denotes the total beam power and r denotes the 
beam radius at the I/e2 intensity points. The beam power 
is III(x, y) dx dy. 
if a thin wire of radius a IS placed symmetrically about 
a diameter of the beam cross section, the detected beam 
power becomes a minimum, Pm, and is given by 
An -2 
ýLo 
F- 
exp 
(-2-: 12--+y2)dydx. (5) 
Irrs 
ff 
rs 
S-c9 W- - CO 
This can be mduced to 
PM. 
erfc 
(! 
-, /2)* (6) To- r 
Having measured Pm and Po and knowing a, we may 
calculate r. 
4 Experlmental detemin2tion of unfocused beam radius 
f, leasurements 'were carried out at a distance of 7-10 m 
from the laser. Three wires of different diameters and three 
steel strips of corresponding widths were used as indicated 
in table I. It is seen from the results that: 
(I-) them is no difference between readings obtained with 
flat strips and wires of similar dimensions; 
the different-sized wires and strips gave results which are 
in close agreement; 
(iii) the beam diameter was about 7-8 mm. 
A similar result was obtained using the traversing pinhole 
technique with which it was also verified that the intensity 
2ai PM PO 2r PM PO 2r 
(mm) (MW) (MW) (mm) (rnw) (inW) (mni) 
4-83 1-69 8-50 7-51 1-63 8-50 7-48 
2-57 4-40 8-53 7-99 4-40 8-53 7-99 
1-10 6-72 8-60 7-86 6-73 8-60 7-89 
distribution in the beam was Gaussian. For measurements 
near the laser it was found necessary to place a small-aperture 
iris diaphragm before the wire and so minimise background 
radiation. 
5 Experimental determination of beam waist dimensions 
5.1 Ujing the power ratio technique 
The layout is shown in figure 3, where the focal lengths of 
LI, LI and Ls are 15,8 and 5 cm respectively, and the number 
of lines in the radial diffraction grating is 21600.7be wires 
used were stretched along a diameter of a small hole drilled 
on a thin steel plate. 
By suitable positioning of Li and LI the first-order beam 
waists were made to coincide with the point of intersection. 
The diffraction grating was rotated at approximately 350 rev 
min-' to average out any variations in transmissivity. Three 
different-sized wires were used and their dimensions and 
the results obtained are shown in table 2. From these results 
it is seen that the beam waist diameter was about 61-5 pm. 
Table 2 Results from beam waist measurements. gx, wire 
radius; r, beam radius. 
2a (um) Pza (mW) Po (MW) 2r (UM) 
20 0-945 1-835 62 
30 0-580 1.815 60 
40 0-350 1.800 62 
2D4 A3.3 
Figure 2 Focused km bem 
1.1gure 3 Set-up for measuring beam waist diameter. 
1 
: j4 beam waist measurement and location 
vzV Ay 
ýV" 4 Beam intersection region, showing I/es intensity 
tpwid. 
In the dual-beam anemometer the beam intersection 
-ttion at the lies intensity points is an ellipsoid (Brayton 
td Goethert 1971, Kreid 1974), as shown in figure 4, where 
ýx . DIsin 0 and Ay - D/cos 0. The angle 0 was measured 
%4.92o. Thus the probe dimensions are Ax-730, um and 
4- 62-8 ILM. 
ý2 Using frequency shifting 
ýC &pparatus was arranged as in figure 3 with a photomulti. 
tw replacing the photodiode and allowing both first-order 
kz= through the iris diaphragm. Frequency shifting was 
! t7fided by a radial diffraction grating. A wire of 20 ILM 
%=Cw was placed in the intersection at right angles to 
x-y planc dcfined in figure 4. A telescope was attached 
the photomultiplier with a combination of objectives, a 
t1phragin and an adjustable-position pinhole. 
Readings of the photomultiplier AC voltage Output Were 
%L=, using a digital voltmeter, at a number of positions 
%ong the x and Y axes. These readings divided by the esti- 
NW, ed peak value are shown in figure 5, from which the 
t and y dimensions of the intersection region were estimated 
N being 943 pan and 82 jAm respectively. Theoretical curves 
lvg aw shown (see appendix). 
Tb, e discrepancy between the results obtained here and 
%m ill §s. 1 can be explained as follows. Figure 6 shows 
1ý, O intersecting beams. A wire of radius at traversing the 
%: Crsection region in the x direction Will first produce a 
liVal of intensity ratio equal to 1/0 at position A where 
t touches both beams at b and c. This was confirmed by 
ýf=g wires of large radii to allow visual observation. At 
jk:, dtion 33 corresponding to the end of the Doppler signal, 
ý, C Cnd. points of a wire 
diameter parallel to the y axis lie 
%, a the 1 /e2 contour of the beam, at d and e. It can be shown 
gcormtyy that from position 
A to position B the wire 
IkZ have traversed a distance x given by 
x-A. x+a 
I+I (sin 
0 tan 0)' 
ýp is smail, as is usuaMy the case, then 
x-Ax+2a/O (7) 
%. ýere 0 is in radians. In a similar manner it can be shown 
the nwasured length of the other diagonal of the inter. 
ýctjon region is 
Y-AY+ 
2a 
sin (Jir- 0) 
I : 37 
-4W -ZOO C) 200 400 
t cy )x(, um) 
-20 
IbI y (AM) 
Figure 5 Dimensions of probe volume. A, equations (A. 3) 
and (A. 4) with r- 31 -3 jum; B, equations (A. 3) and (A. 4) 
with r-41-3, unL x, experiment. 
a 
Figure 6 Relative wire-beam positions for Doppler signal 
limits. A. signal commences; B, signal ends. 
which for small 0 becomes 
Y-AY+2cL (8) 
Using the results x- 943 pm and y- 82 pm it is found from 
(7) and (8) that Ax-710jum and Ay-62prn, which agree 
well with the previous values. 
Expressions (7) and (8) indicate that the results from 
such a measurement are similar to what theory would predict 
if the beams had Iles intensity diameters equal to D+2a. 
In figure 5, curve B is a plot of equations (11) and (12) with 
the beam radius P-J(D+2a), i. e. 41-3 jAm. 
6 Beam waist location 
7be layout shown in figure 3 gives good control over the 
waist position as it allows the waist and beam intersection 
to coincide for a variety of positions at Lt and Lt. 7be laser, 
grating and Lt can be fixed to give the desired distance of 
the beam intersection from Lt, and angle 0. Small movements 
of Li will alter the position of the beam waists. Visual obscrva- 
tion is usually possible by means of smoke. Using the power 
ratio technique the position of the waist can be accurately 
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adjusted by taking readings of Pm only (Pm is directly propor. 
tional to beam diameter) provided that Po remains constant. 
This set-up requires that in velocity measurements the 
whole apparatus be traversed and not lens LI only. Arrange- 
ments, in which a third lens is placed between the grating 
and L2 to make the beams parallel allow traversing of only 
L2; but it must be pointed out that although any movement 
of L2 will not affect the distance between L2 and the inter. 
scaion and the angle between the beams, it will certainly 
alter the position of the waist relative to the intersection 
It has been suggested (Oldengarm 1975) that focusing of 
the laser beam on the diffraction grating ensures coincidence 
of the beam waist and measuring volume in such a sct-up. 
This could only be true if the parallel beams were collimated. 
? Aeasurements concerning the geometry of the parallel beams 
using the power ratio method indicated that a waist occurs 
after the intermediate lens at a distance from it proportional 
to its focal length. Thus the position of Lt relative to that 
lew will determine the position of the beam waist in the 
focused beams. Focusing of the single beam on the grating 
of course has the advantage that the shape of the cross 
section of the diffracted beams suffers the minimum of 
distortion (Oldengarm 1975). 
7 Discussiou 
When the power ratio method is used for measuring beam 
diameters, a wire of any size, is, in theofy, suitable provided 
that its Wameter does not exceed that of the beam. In practice 
the best wire sizes were found to be in the region -1-4 of the 
beam diameter, since when large wires were used Pm was 
too small on the analogue meter scale, and when the wire 
was small Fjn differed very little from Fo. In thew extreme 
cases disproportionate errors arose. When the beam is of 
very smaH diameter (focused beams) an estimation of the 
theoretical diameter of the beam may be necessary to ensure 
that the sizes of the wires available are suitable. 
special care must be taken to minim se background light 
and light scattered from the lenses, since with the presence 
c)f large amounts of such light one might obtain erroneous 
results. When a large-area photodiode is used to measure 
las, er power a collecting lens is not necessary. The authors 
obtained consistent results with and without this lens. 
The power ratio method is thought to be simple and reliable. 
jAcasurements made under different laboratory conditions 
were consistent and repeatable. The orientation of the wire 
relative to the beam is not critical, the only condition being 
that the wire must be straight, clean and of constant diameter. 
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Appendix Intensity distribution along x aW y diagonals of 
beam Intersection region 
Referring to figure 7. the intensity distribution I(zl, y) in the 
yt 
ý _ZO Figure 7 Coordinate systern for intensity distribution in 
beam intersection region. 
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Gaussian laser beam Is given by 
I(z A= 2Po exp 2 212+YOI 
( 
rs 
) 
where Po denotes total beam power and r Is the I /el intensity 
radius. 
For the intensity distribution along the x and y diagonals 
of the intersection region the above expression can be 
transformed to 
4Po 1 
-- 
xt sint 0 I'(X) Pri rXP rt 
(A. 1) 
po YI c032 I'(Y) 1- exp 2 (A. 2) 7rrt 
(note that the contribution from each beam is one-half of this). 
Dividing equations (A. 1) and (A. 2) by F(O), Le. 4h/irrll, 
the non-dimensionalised Intensity distribution becomes 
1'(x)ll'(0) - [exp 2 sins 01321f I (A. 3) 
I'Cv)/I'(0) - [exp 2 cost 6)]YI/rI. (A. 4) 
If the beams intersect at or near the waist, r is approximately 
constant along the diagonals. However, If this Is not the 
case account must be taken of the radius variation in equa- 
tions (A. 3) and (A. 4). 
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Criteria for achieving 
coincidence of beam waist 
and crossover region 
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AbAmct 7be imaging laws for a laser beam waist and 
crossover region of two laser beams 
have been studied with 
reference to a dual-beam laser Doppler anemometer. 
), 11thernatical expressions relating the various parameters of 
the system geometry are presented as well as conditions for 
zchieving coincidence of beam waist and measuring volume. 
I Introduction 
A simple dual-beam laser anemometer consists of a laser, a 
beam splitter and a lens. The single beam, which has a waist 
in the laser resonator, is divided into two by the beam splitter. 
Tb, e two beams may be parallel, diverging or converging, 
depending on the type of beam splitter used. The lens prod ces 
images of the waist and intersection of the incoming (input) 
beams. 7be imaging laws for the waist and intersection are 
different and as a result the waist and intersection of the 
focused (output) beams will not normally coincide unless the 
overall optical system is arranged to achieve this. 
Coincidence 
is important because, for example, 
(i) it eliminates interference plant gradients which cause 
signal broadening 
(Abbiss et al 1974, Hanson 1973, Durst and 
Stevenson 1975); 
(U-) it produces a small crossover region and thus minimises 
velocity gradient 
broadening (Edwards et al 1971, Owen and 
p. 0gers 1975, Kreid 1974) and 
improves measurements in some 
flow situations, e. g. film flows (Oldengarm el al 1975). 
, rhis investigation is of particular importance when a diffrac- 
tion grating is used as a beam splitter. As will be shown later 
it is not possible to achieve coincidence with a single lens 
,d after the grating, 
so a system comprising two lens has place 
been examine& Beam radii are measured to the I/es intensity 
bearn contour and equal path lengths for the two beams are 
&SsumedL 
2 IMS&g of beam waist and Intersection 
-1-he position and size of the image of a Gaussian beam waist 
produced by a 
lens are given by (Kogelnik and Ll 1966, 
DirLwn 1970) 
(Z I)l u7m. 
(Zilf-lxf7fF) 
T-+(Zllf 
- I)IwfF), 
I I(T (2) r-j) - 11 WI) F 
where fr-vwlslA, A denotes the wavelcngft-4 wl and ws 
represent the input and output waist radii and zi and zo arc 
as shown in figure 1. 
ZI Z2 
If. two coplanar beams pass through a converging lens the 
distance of their point of intersection from the lens, real or 
virtual, is imaged according to the geometric optics relationship 
1+1 1 
; 
u and v are positive as shown in figure 1. As u-oco the input 
beams are parallel; u>0 gives diverging beam; u<0 gives 
converging beamL 
If a prism-type beam splitter is used one can with suitable 
adjustments obtain parallel, converging or diverging beams 
whose intersection lies some distance from the beam splitter. 
With a diffraction grating only diverging beams are obtained 
and their intersection lies on the grating. 
3 Conditions for cohr-ldence of output waist and Intersection 
Coincidence of output beam waist and intersection is achieved 
if vlf-zilf. Hence 
L 1+(zilf-l)twfr)s 
fir (z ilf- I Xi7fir) 
ýU-7-11* 
A summary of the relationships between the output variables 
: z. wa and the input variables zi, wi, u is given in table 1. 
Table 1 Relationships between input and output vaiableL 
zilf zilf Ulf wl/wj 
-00 1 -00 
I- 
I 
Afr 
I- 
If 
(min) i TF 
2 (max) 
JlfF 
Afr 
V2 
co , I I 7r 
+7fr +If (max) 2flp 
2 (min) +Ff 
F 
Afr 
-, 12 
co I co 
Graphs of equations (1) and (2) have been presented by 
Koselnik and Li (1966) and Dickson (1970). It is observed 
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Flgm 1 One-tens system. u, v, zi and :a are positive as 
shown. 
Cpincidence of waist and Intersection in a dual-beam LDA 
tat for finite values ofj7fF, I ulf I>I zilf 1. This implies that if 
&diffraction grating is used as a beam splitter it is not possible 
10 Ichieve coincidence although this is not necessarily the case 
sith other types of beam splitting device. As an example let 
:1.6oo rmn and f- 150 mm. Then z: lf= I-II and for coin. 
cide= ulf must be 10-55. If the lens focuses the two beams, 
the input intersection u must lie about 1-6 m in front of the 
ims - this is not possible with a 
diffraction grating. In this last 
c; w if we set u- 250 mm then vlf- 2-5. The distance between 
Ze output waists and the intersection is 210 mm. 
4 Two-lens sYsteln 
To achieve coincidence of output beam waist and intersection 
sben a diffraction grating is used a second lens is placed 
between the laser and the grating. A new beam waist is formed 
%bose, position can be adjusted so that the condition u> zi is 
utisfied. The effect of this intermediate lens is to increase 
f, fr in equation (1) since wi decreases. As J7fF increases the 
dffcrcnce between the values of u and zi decreases and thus 
the input waist to the second lens can be located near the 
Viting. This gives the added advantage that if a radial grating 
g used the beam incident upon it has a small spot size and 
bence the emerging beams suffer the minimum of distortion 
(Oldengarrn 1975). 
A two-lens system designed to achieve coincidence is shown 
in figure 2. It consists of simple glass lenses and a radial 
dj&action grating with 36 000 lines and a diffraction angle for 
, be first-order beam of 3-14% Tbe. dimensions shown were 
calculated using equations 
(1), (2) and (5). The overall size of 
tbc system was chosen according to practical considerations. 
A Spectra Physics 120 He-Ne laser was used for which the 
distance of the waist from the laser exit was estimated to be 
W mm and the waist radius 0-366 mm. 
The components were 
Uranged on an optical 
bench and length measurements were 
carried out using a ruler graduated 
in millimetrcs. By use of 
t3c power ratio' technique 
(rridimas et al 1978) it was found 
that the , output waists 
of the beams were situated 2 mm from 
the intersection (towards the 
left in figure 2). The grating was 
then rnoved away from the second 
leas by about 8 mm to 
obtain coincidence. 
7be discrepancy is attributed to the low 
z=uracy of measurements using a ruler, a possible 
difference 
between the actual and nominal focal lengths of the lenses, 
WO-paraxial 
focusing and probable error in estimiLting the 
location of the beam waist in the laser resonator. The calcu- 
I 11ted and measured values 
for the output waist diameter were 
s6 and 60 pm respectively and 
the fringe spacing was 2jurn. 
By applying equations 
(1) and (2) to the two lenses suc- 
ccssively an expression can 
be derived relating the output 
ariables of the second 
lens to the input variables of the first 
leas gnd the lens spacing. 
Combining the result with equation 
(3) one obtains an expression of 
the same form as equation (4) 
for the two-lens system. The authors solved numerically such 
an equation for a wide range of variables and a number of 
solutions were tested with similar results as In the above 
example. Accurate measurement of distances between com- 
ponents is not necessary since corrections are carried out easily 
as indicated. 
5 Practical considerations 
In a practical laser Doppler anemometer some of the variables 
are limited to a particular range of values. 
(a) A positive distance of output waist from lens is necessary, 
i. e. ztlf> 0. It can be shown that zslf4 0 it 17fjF; p 2. The 
corresponding zilf range lies between the two values of 
J(I±(I-[2/(j7fr)j2)'12). 7bis condition also satisfies the 
requirement for a real beam intersection image (v > 0). 
(b)It is usually required that wslwl<l, which holds If 
J7fF <I (all zilf), and also if j7j'r >I and z If lies outside the 
range of values given by I± 11 - l1(j7fF)']'12. 
(c) The minimum value of zilf (determined by the distance 
from the waist to the laser exit), the lens aperture, the value 
of u, the angle between the input beams, the value of zs and 
the angle between the output beams must all be taken into 
account when designing a laser anemometer. 
6 Discussion and conduslons 
When a small probe volume is required with narrow fringe 
spacing it is necessary to use a lens of short focal length to 
focus the two beams rather than focus the single beam prior 
to splitting. In this latter arrangement, proposed by Abbis 
et al (1974), the focused beam is split into two converging 
beams and coincidence of beam waist and intersection is 
achieved by suitable adjustment of the beam splitter. Although 
simple, this arrangement excludes lenses of short focal length 
because of the length of the prism-type beam splitter. 
It is thus concluded that the two-lens system is indispensable 
when a diffraction grating is used as a beam splitter and also 
when a small probe volume and small fringe spacing are 
required. 
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APPENDIX A4 
ELECTRONIC FILTER DESIGN [A4.11,, (L. -C FILTER) 
A4.1 General Considerations 
The design was based on a combination of prototype and 
m-derived IT' sections in order to obtain a good 
attenuation in the attenuation band and a sharp cut-off. 
The final filters consisted of: 
(i) one m-derived section (m = 0.35), for sharp cut-off 
one prototype section (m giving high 
attenuation far beyond the cut off frequency 
(iii) two terminating half-sections (m = 0.6), giving 
attenuation equal to that of a complete m-derived 
section with m=0.6. 
The design requirements were: 
Impedancel, R0= 50 n 
Cut off frequency# f0- varied. 
The relationships between the filter components and the 
desic 
. jn parameters are given 
by: 
Low pass filters 
R0= 
/ýC- 
fo =; A: 
A4.1 
High pass filters 
0 IC 
- 3, - 
4, T/E 
where L and C denote inductance and capacitance respectively. 
A4.2 Low pass filter 
7r f 
and c=-1 ir R0f 
Also M=/, 
--(f. 
0- 
f 
Hence f 420 =/a2 1-m 
The circuit diagram and the filter characteristics are 
shown in figure A4.1. 
A4.2 
ML/2 mL/2 
MC 0 
M pass band -M -ý-ML A- 
M 0- 
0 fo f(D f 
(a) (b) 
circuit diagram attenUation-frequency 
characteristics 
Figure A4.1 m-derived low pass T-section 
For m=0.6, fCO 1.25f 0 
f 
For m=0.35p f(» 1.07f0 
1.0; 
7 
5 
For a prototype section, where m=1, f4a 4. - (see figure 
A4.2) 
L/2 L/2 
0- 
(a) 
circuit diagram 
Figure A4.2 Prototype low pass IT' section 
A4.3 
fo f 
attenuation-frequency 
characteristiCS 
The final design of the complete low pass filter is as 
shown in fi"re A4.3(al. $ince for series elements 
L=L1+L2+.... then the circuit simplifies to that 
shown in figure A4.3(b) 
ML/Z ML/2 ML/2 L/2 L/2 
c 
0*- 
ý04.1 
m L-/2 
MC 
Ro 
2 
I ML 
m 
terminating 
half-section 
m-0.6 
m-derived 
section 
m-0.35 
prototype 
section 
m-1 
(a) 
Cb) 
mc 
2 
2m 
terminating 
half-section 
m-0.6 
1 
Figure A4.3 Final circuit for low pass filter 
A4.4 
A4.3 High pass filter 
Ro 
ro 
and 
2 
Also m 
X1 
- 
(r. ) LO 
f 
Hence a 
! rhe circuit diagram and the filter characteristics are 
shown in figure A4.4. 
2 CÄm 2 C/m 
1 
L/m 
4m 
-re 
c- 
(a) 
circuit diagram 
pass 
m ba nd 
CU 
mI CO 
0 fm fo f 
b 
attenuation-frequency 
characteristics 
1 
Ro go 
Figure A4.4 m-derived high-pass T-section 
A4.5 
ror m= 0.6,, 0.8fo and 
for m= 0.35t f CA = 0.94f 0 
For the prototype section (m = 11, fm -1- 0 (see figure A4.5) 
2C 2C 
pass 
band 
4- 
0M 0 fo f 
lb 
circuit diagram 
attenuation-frequency 
characteristics 
Figure A4.5 Prototype high pass IT' section 
The final design of the complete high pass filter is shown 
6 
in figure A4.6(a). For the capacitors in series, 
+ -L + ... and the circuit simplifies to that shown CC1C2 
in figure A4.6(b). 
A4.6 
C/m X/m 
d ý--- -- - --d ý- 
Ro 
2LIm 
2M 
I-MI 
terminating 
half-section 
m=0.6 
2C, /m 
Lim 
4m c 
m-derived 
section 
m-0.35 
(a) 
(b) 
prototype 
section 
m-1 
2C/m 
2 Lim 
2m C= 
te=inating 
half-section 
m-0.6 
Figure A4.6 Final circuit for high pass filter 
A4.7 
2C 2C 
A4.4 Construction and testing 
A number of low-pass and htgh-pass filters were designed 
with cut off frequencies ranging from o. 1 MHz to 30 14Hz, 
which covered the range of frequencies encountered in this 
work. 
The filters were assembled as #diyidual circuits on 
printed circuit boards and arranged in a specially 
constructed framework with b. n. c. terminations. Band 
selection was manual. 
The components used were capacitors of the silvered mica 
type and shielded printed circuit coils of variable 
inductance. After assembly each unit. was tested,. ' 
using ahigh frequency signal generatorj, and its cut. off 
frequency and attenuation characteristics adjusted. 
it was found that the performance of these filters was 
excellent and met all signal filtering requirements. 
t 
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APPENDIX A5 
COMPUTER PROGRAMMES. 
A5.1 'Introduction 
The results from the signal frequency measurements were 
transferred from the microcomputer memory to the processing 
computer via an RS232 link, as soon as one memory location 
accumulated 255 results. Figure A5.1 shows one such set of 
results, together with various calculated flow statistics. 
The octal numbers in the first column denote frequency and 
the decimal numbers in the other eight columns indicate 
numbers of events. The results are arranged in a histogram 
form. starting from the lowest occurring frequency. The 
frequency corresponding to the first decimal number in each 
line is given by the first (octal) number in that. iine and 
the frequencies corresponding to the remaining seven decimal 
numbers are obtained by incrementing the octal frequency 
number by 1 for every successive column. 
The computer performed calculations of flow statistics and 
stored the data on discs. Two disc drives were used, one 
containing the programmes and the other used to store the 
data files. I 
The main computer prograr=e was used either to accept new 
data or to access existing files from discs. Otherr smaller 
versions of that programme were used for specific purposes, 
e. g. for calculating the sample size only., accepting and 
AS. 1 
storing data on discs Without processingretc. 
The main programme was accompanied. by a programme for 
plotting histograms using high resolution graphics. Listings 
of these programmes are shown later. 
A5.2 
0270 000 000 000 000 001 000 000 000 
0310 001 000 000 000 000 000 000 000 
0320 000 000 000 000 000 001 000 001 
0330 000 000 000 000 000 000 001 002 
0340 000 000 000 001 000 000 002 002 
0350 003 001 001 001 001 000 002 001 
Q360 000 001 001 007 000 000 0016 003 
0370 002 007 002 006 007 004 006 002 
0400 Oil 003 003 009 006 018 009 007 
0410 006 012 015 009 019 007 009 018 
0420 010 012 015 031 Oll 014 024 021 
0430 016 020 022 027 024 029 026 020 
0440 027 025 027 034 034 034 051 042 
0450 038 000 OS3 045 031 046 051 060 
0460 064 058 0,66 000 067 063 066 083 
0470 097 103 000 100 0813 089 099 000 
0500 089 089 113 107 000 110 114 130 
0510 000 133 105 142 000 137 117 128 
0520 000 154 129 000 149 133 170 000 
0530 153 159 000 157 174 000 182 190 
0540 000 191 194 000 212 207 000 214 
0550 000 204 211 000 228 220 000 199 
0560 000 237 210 000 231 000 228 255 
0570 000 231 000 218 000 196 212 000 
0600 203 000 230 000 213 000 198 000 
0610 234 199 000 172 000 191 000 198 
0620 000 175 000 147 000 150 000 147 
0630 000 141 000 112 000 109 000 090 
0640 000 000 085 000 112 000 091 000 
0650 061 000 052 000 000 036 000 034 
0660 000 037 000 026 000 000 031 000 
0670 017 000 023 000 000 013 000 Oll 
0700 000 000 007 000 005 000 000 007 
0710 000 006 000.000 001 000 002 000 
0720 000 001 000 000 001 000 001 000 
0730 000 000 000 000 001 000 000 002 
DATA FILE HAME01409 
UNCORREVED MEAN VEL. =7.0476100IM/S 
R. H. S. VEL. m. 738055473M/S 
TURB. INT. xlO. 7562063X 
APPLYING BIASING CORRECTIONS 
CORRECTED MEAN VEL. =6.96140282M/S 
CORRECTED R. M. S. VEL. =. 774676035M/S 
CORRECTED 7URB. INT. =11.1281599% 
SAMPLE SIZE: 13176 
aa00aaa008a0099000aaaaa0090090aaaa0 
Note: the zeros-,, occur as a-'result of the numerical division process within 
the frequency meter, in which, quantities are rounded to the nearest integer. 
Figure A5.1 Experimental results and calculated floW Statistics 
A5.3 
A5.2 Progra=e structure 
A flow diakgram of the progranme Is shown in figure A5.2. 
The two main parameters of the laser anemometer, the 
wavelength, % and the beam angle, 0, were among the initial 
statements. From them the fringe spacing was computed as 
ax- 2 sin 
As the programme was very often used to access existing data 
files the first decision making concerned this point. The 
number of measurement cycles, Nt the full scale output of 
the Doppler frequency meter, F. S. D., and the frequency shift 
were fed in manually unless conditions remained identical 
as in the previous programme execution. 
once the various input parameters had been set, the RS232 
link was initialised to accept data from the microcomputer. 
The end of a set of results was recognised by an additional 
line feed. 
A copy of the result could be produced by a printer on 
request. After this a- file name was assigned to that set, 
which was then saved on disc. 
The first part of the calculations perfdrmed on the results 
concerned the conversion of the octal frequency numbers to 
velocities and the creation of two arrays cohtaining 
velocities and corresponding numbers of events. Conversion 
was carried out using the formula 
AS. 4 
1024 
x F5D x8x 
where f is the decimal frequency number and a the fringe 
spacing. The frequency shift, when employed, was 
subtracted before velocities were computed. Corrected 
values for the numbers of data (see section 3.3.2(c)) were 
also computed and stored in array forml so that uncorrected 
and corrected histograms could be displayed. 
The various flow statistics --! corrected and uncorrected, 
were computed using the expresgions in section 3.3.2(3). 
These results could be printed on request; an example is 
shown in figure A5.1. 
The programmes, listings of which are shown in figure 
A5.3, were written in 'Applesoft' Basic. The first of the 
two programmes PTESV) was used to process the results 
and the second, (IGRAPHI)t to plot velocity histograms when 
required. 
A5.5 
N 
START 
x 
.06 
ACCESSING 
A FILE? 
Y 
INPUT 
S 
F. S. D. 
SHIFT 
READ 
FILE 
INPUT 
I DATA 
DATA 
PRINTED? 
jDart of figure A5.2 
AS. 
NY 
'1' 
part of figure A5.2 
AS. 7 
NV 
OPEN 
PLOTTING 
FILES 
EXECUTE 
PLOTTING 
PROGRAMME 
GO TO 
START 
Figure AS. 2 Flow diagram 
A5.8 
I HIMEM: 32768 
2 REM THIS PROGRAMME IS WITTEN IN 
APPLE II 
5 REM THIS PROGGRAMME CAN BE USED 
ND PROCESSING OF RESULTS OR FOR 
30 
40 
50 
55 
60 
6--) 
64 66 
68 
IN 
Ill 
12r; 
APPLESOFT BASIC FOR THE 
FOR ON-LINE COLLECTION A 
ACCESSING EXISTING FILES 
D$ = 11 11 
DIM DA$(150), F(1200), NB(, 1200), U(1200)jCý1(1200) 
LM = 0.6328E - 6: BA 9.0750: BR = SA * 3.14159 / 180: B7 
SIN (, BR): BS =2 87 
LS = LM / S8 
PRINT "DO YOU WANT TO ACCESSA N EXISTING DATA FILE (Y/N)" 
: INPUT DH$ 
IF DH$ = "Y" THEN 66 
1 1: GOTO 68 
12 
ON I GOSUB 930,1350 
Ll = 512: L2 = 64: 0 =8 
FOR I=I TO N 
I A$ = STR$ M I)): DC$ = HIM (, A$j. 2,1 ): BC$ = MIM <A$, 3m 
1): CC$ HID$ (A$, 4., I): EC$ RIGHT$ (A$jl) 
130 F(I) VAL (DC$) * Ll + VAL (BC$) * L2 + VHL 
3+ VAL (EC$) 
140 NEXT 
500 SH = SS * 1000000: HH = 8192 
505 NF = FS * NC / WN 
560 FOR I=I TO N 
570 F(I) = F(I) NF: F(I) = F<I) SM: U(I) = F(I) 
U(I): CN(I) NB(I) ABS <F(I)) 
580 NEXT 
582 PRINT 
583 PRINT "DO YOU HANT TO SEE TH E RESULTS? (Y/N)" 
584 INPUT W$ 
585 IF H$ = "N" THEN 9127 
590 Sl = O: S2 = O: S3 = O: S8 =0 
592 S4 =0 
600 FOP. I=1 TO N 
(CC$) * 
L8: F( D= 
6 10 SI=SI+ NB( I ): S2 = S2 +( F( I)* NB( I)): SS = S8 + CN( I ): 
S4 = S4 + (F(I) CN(I)) 
620 NEXT 
630 Ul = S2 / Sl: U9 S4 / S8 
674 GOTO 680 
675 PRINT D$; "PR#511 
680 PR I NT al 0a90a0aaaaaa0w0aa is aaaaaaaaa It oa00a0a 682 PRINT "DATAFILENAME: "8$ 
685 PRINT 
690 PRINT "UNCORRECTED MEAN VEL. ="; Ul; "M/S" 
700 FOR I=1 TO N 
710 S3 = S3 + ((F(, I)- -Ul )A .2* NB-, I) / Sl ) 720 NEXT I 
7"30 S3 = SQR (S3) 
740 PRINT "R. M. S. VEL. =ll; S3; "M/S" 
750 PRINT "TURB. INT. ="; S3 * 100 / Ul; "%" 
760 PRINT 
770 PRINT "APPLYING ]BIASING CORRECTIONS" 
780 PRINT "CORRECTED MEAN VEL. ="; U9; "M/S" 
part of figure AS. 3 (a) 
A5.9 
790 
@00 
810 
8 21 0 
830 
850 
R160 
870 
880 
890 
900 
911 
912 
914 
916 
930 
940 
950 
960 
970 
: 380 
990 
1 00C 
loic.. 
102C, 
103C 
104C 
105C 
106c, 
107C, 
IOSE 
109C 
1 loc, 
Ilic. 
112C 
113C 
114P. 
1 15E 
116C. 
11A 
118C. 
lisc 
1 2-ok 
SA =0 
FOR I=1 TO N 
SA = SA + QFQ) - UP ^ 2) * CNQ) 
NEXT I 
SA = SA / SS 
SA = SQR (SA) 
PRINT "CORRECTED R. M. S. VEL. ="; SA; "M/S'' 
PRINT "CORRECTED TURB. INT. ="; 100 * SA / U9; "%'' 
PRINT 
PRINT "SAMPLE SIZE: "; Sl 
PR I NT 11 25a9aaa6aaa 11 a0aaaaa0aa0aa6a0aaa000a 11, PRINT : PRINT D$; "PR#0" 
PRINT "IS A HISTOGRAM REQUIRED? (Y/N)" 
INPUT Y$: IF Y$ = 'IN" THEN 60 
GOSUB 1461 
PRINT "HAVE THE OPERATING PARAMETERS CHANGED SINCE THE 
LAST RUN OR HAS A HISTOGRAM BEEN PLOTTED (Y/N)ll 
INPUT RP$ 
IF. RP$ = "N" THEN 1030 
PRINT "NUMBER OF CYCLES" 
INPUT NC 
PRINT "FULL SCALE DEFLECTION IN MHZ" 
INPUT FS 
3 FS = FS * 1000000 
PRINT "FREQUENCY SHIFT IN MHZ" 
) INPUT SS 
3 PRINT "START MICROPROCESSOR INPUT" 
) *PRINT D$; "IN#5" 
3 INPUT 1111; XX$ 
10 
II+ 
INPUT ""; DAVI) 
3 IF LEN (DA$(I)) 36 THEN 1070 
3 PRINT D$; "IN#0" 
31=I-1 
3 PRINT "DO YOU HANT THE DATA PRINTED? (IN)" 
INPUT DD$: IF DD$ = "N" THEN 1200 
3 PRINT D$; "PR#5" 
PRINT 
FOR Z= 170 1 
3 PRINT DAVZ) 
3N F-ý N'T Z 3 PRINT M"PRO" 
3 PRINT "DATA FILE NAME ? "-. INPUT B$: PRINT 
D21l: PRINT D$; "HRITE"8$: N =8*I 
DO"OPEN"W", 
1210 PRINT N: PRINT NC: PRINT FS: PRINT LH: PRINT BA: PRINT 
SS: K =0 
1220 FOR 11 TO N STEP 8 
1230 M=6 
1240 K=K+1 
1250 F(I) VAL ( LEFT$ (DA$(K)j, 4)): PRINT F(D: F(D = F(D + 
10000 
1260 FOR JI TO I+7 
1270 NEXJ) VAL < MID$ (DA$(K). -M. -3)): PRINT NB(J): M =M+4 
1280 NEXT J 
1290 FOR Kl =I To I+6 
1300 F(Kl + 1) = F(KI) +1 
1310 NEXT Kl 
1320 NEXT I 
part of figure A5.3(a) 
A5.10 
1330 PRINT D$; "CLOSE"8$"" 
1340 RETURN 
1350 PRINT "DATA FILE NAHE TO ACCESSED": INPUT B$: PRINT 0$; 
"OPEN"W', D2": PRINT D$; " READ"M INPUT N: INPUT NC: INPUT 
FS: INPUT LM: INPUT BA: INPUT SS: K =0 
1360 FOR I=I TO N STEP 8 
1370 M=6: K=K+1: INPUT F( I ): F< I)= F< I)+ 10000 
1380 FOR J=I TO I+7 
1390 INPUT NB(J): M =H+4 
1400 NEXT J 
1410 FOR KI =I TO I+6 
1420 F(KI + 1) = F(Kl) +1 
14M NEXT Kl 
1440 NEXT I 
1450 PRINT OWCLOSE"W'" 
1460 RETURN 
1461 PRINT "YOU HILL NOH SEE AH ISTOGRAH OF THE VELOCITY DI 
STRIBUTION11 
1463 PY = 157: PX = 230: PRINT "LIMIT REQUIRED ON X-AXIS(H/S)" 
: INPUT MX 
1464 MY = 0: Mz =0 
1465 FOR I =1 TO N 
1466 IF MZ > = CN(I) THEN 1468 
1467 MZ = CN (I) 
1468 NEXT 
1469 FOR I =1 TO N 
1470 
. 
IF MY > = NB(I) THEN 1472 
1471 MY = NB (I) 
1472 NEXT 
1474 FOR I =1 TO N: NB(I) = PY - 
= INT (F(I) * PX / MX) + 50 
1475 CWD = PY - INT (CN(I) * PY 
1476 NEXT I 
1478 PRINT D$; "OPEN LASERFILE, 01" 
1480 PRINT M "WRITE LASERFILE" 
1490 PRINT N 
1495 PRINT mx 
1500 FOR I =1 TO N 
1510 PRINT F(D : PRINT NB(I) 
1520 NEXT I 
1530 PRINT D$; "CLOSE LASERFILE" 
1540 PRINT D$; "OPEN CORRFILE" 
1550 PRINT 0$; "HRITE CORRFILE" 
1560 PRINT N 
1565 PRINT Mx 
1570 FOR I =1 TO N 
1580 PRINT F( D: PRINT CN(I) 
1590 NEXT I 
1600 PRINT D$; "CLOSECORRFILE" 
1610 PRINT D$; "RUN GRAPH, Dlm 
1620 ' END 
INT eNB(I) * PY / HY): F(I) 
/ MZ) 
(a) Data procedsing programme 
AS. 11 
5 HIHEM: 16384 
7 0$ = 11 " 
10 DIM F(800). NB(800), CN(800) 
50 PRINT D$; "OPEN LASERFILE. D111 
60 PRINT D$; "READ LASERFILEII 
70 INPUT N 
75 INPUT MX 
80 FOR I=I TO N 
90 INPUT F(I)-. INPUT NB<I) 
100 NEXT I 
110 PRINT D$; "CLOSE LASERFILEII 
111 PRINT D$; "OPENCORRFILE" 
11, ý PRINT 0$; "READCORRFILE" 
113 INPUT N: INPUT MX 
114 FOR I=I TO N 
115 INPUT F(I): INPUT CN<I) 
116 NEXT I 
117 PRINT D$; "CLOSECORRFILE" 
120 PY = 157: PX = 230 
161 CALL - 936 
162 PRINT 
163 PRINT 
164 PRINT "DO YOU WISH TO SEE: -" 
165 PRINT 
oil, 166 PRINT UNCORRECTED HISTOGRAH-U 
167 PRINT "2. CORRECTED HISTOGRAM -C 
168 PRINT It PRESS<SPACE>TO ESC" 
169 PRINT "ENTER LETTER: ": INPUT C$ 
170 HGR2 : HCOLOR= 7 
171 ROT= 0: SCALE= 1 
172 FOR I=9 TO 129 STEP 30 
174 DRA14 I AT 40,1 
176 NEXT I 
178 FOR I=9 TO 129 STEP 60 
180 DRAW 4 AT 34,1 
182 NEXT I 
183 FOR I= 39 TO 99 STEP 60 
184 DRAW I AT 34,1 
185 NEXT I 
186 FOR I= 69 TO 99 STEP 30 
187 DRAW 2 AT 28,1 
188 NEXT I 
189 HPLOT 50.0 TO 50,157 TO 279,157 
190 FOR I=9 TO 129 STEP 30 
200 HPLOT 48,1 TO 50,1 
210 NEXT I 
212 IF MX = 15 THEN 242 
220 FOR I= 72 TO 279 STEP 23 
230 HPLOT 1,157 TO 1,159 
240 NEXT I 
241 GOTO 250 
242 FOR I= 70 TO 279 STEP 15 
244 HPLOT 1,157 TO 1,159 
246 NEXT I 
250 FOR I=9 TO 39 STEP 30 
260 DRA14 3 AT 32.1 
270 NEXT I 
part of ; Oigure A5.3 (b) 
A5.12 
280 DRAW 1 AT 50,167 
282 Z= MX /5 
284 ON Z GOSUB 286,288,290,292 
285 GOTO 300 
286 DRAW 4 AT 274,167: RETURN 
288 DRAW 2 AT 268,167: DRAW I 
, 90 DRAW 2 AT 268,167: DRAW 4 292 DRAW 3 AT 268.167: DRAW 1 
300 DRAW 5 AT 15,74 
310 HPLOT 21.74 
320 DRAW 6 AT 148,175: DRAW 9 
DRAW 11 AT l6Gjl75: DRAW 
75 
340 IF C$ = "C" THEN 390 
350 FOR I=I TO N 
AT 274.. 167: RETURN 
AT 274,167: RETURN 
AT 274,167: RETURN 
AT 1541.175: DRAH 8 AT 16OP175: 
7 AT 172PI75: DRAH 10 AT 178#1 
360 HPLOT F( I ), NB( I) TO F( I ). - 157 370 NEXT I 
380 GOTO 420 
390 FOR I=A TO N 
400 HPLOT F(I), CN(I) TO F(I), 157 
410 NEXT I 
420 INPUT C$ 
425 IF C$ = "" THEN 505 
440 FOR I=I TO 229 
450 HCOLOR= 0 
460 HPLOT I+ 50,0 TO I+ 50,156 
470 NEXT I 
480 HCOLOR= 7 
490 IF C$ = "U" THEN 350 
500 GOTO 390 
505 TEXT 
510 PRINT "HARD COPY? (Y/N)";: INPUT TT$ 
520 IF TT$ = "N" THEN 700 
565 Q$ ="" 
570 PRINT D$; "PR#V: PRINT Q$ 
580 PRINT D$; "PR#O" 
700 PRINT 0$; "RUt4 TEST" 
710 END 
(b) Histogram plotting programme 
Figure A5.3 Programme listing 
AS. 13 
APPENDIX A6 
'RESULTS FROM VELOCITY MEASUREMENTS 
Details of the various flow conditions and the results 
obtained from the velocity measurements are given in the 
following tables. 
The values of the particle drag coefficient, CD and particle 
Reholds number, Re P, 
are based on mean particle diameter. 
The pipe Reynolds number is based on the mean air veloc. ity in 
the pipe, obtained by dividing the air vol=etric flowrate 
by the pipe cross-sectional area. 
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